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ABSTRACT 
 
The generation, motion, and interaction of dislocations play key roles during the plastic 
deformation process of crystalline solids.  3D Dislocation Dynamics has been employed 
as a mesoscale simulation algorithm to investigate the collective and cooperative 
behavior of dislocations.  Most current research on 3D Dislocation Dynamics is based on 
the solutions available in the framework of classical isotropic elasticity.  However, due to 
some degree of elastic anisotropy in almost all crystalline solids, it is very necessary to 
extend 3D Dislocation Dynamics into anisotropic elasticity.  In this study, first, the 
details of efficient and accurate incorporation of the fully anisotropic elasticity into 3D 
discrete Dislocation Dynamics by numerically evaluating the derivatives of Green’s 
functions are described.  Then the intrinsic properties of perfect dislocations, including 
their stability, their core properties and disassociation characteristics, in newly discovered 
rare earth-based intermetallics and in conventional intermetallics are investigated, within 
the framework of fully anisotropic elasticity supplemented with the atomistic information 
obtained from the ab initio calculations.  Moreover, the evolution and interaction of 
dislocations in these intermetallics as well as the role of solute segregation are presented 
by utilizing fully anisotropic 3D dislocation dynamics.  The results from this work clearly 
indicate the role and the importance of elastic anisotropy on the evolution of dislocation 
microstructures, the overall ductility and the hardening behavior in these systems. 
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τ
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CHAPTER 1 
INTRODUCTION 
 
Plasticity is one of the most important features of crystalline solids and results from the 
relative sliding of one set of atoms in a certain crystallographic plane (slip plane) along a 
certain direction (slip direction) over the atoms in an adjacent crystallographic plane.  
There are certain slip planes and slip directions for each different crystal structure.  For 
instance, for face-centered cubic (fcc) crystal structure, the slip direction is usually 
toward <110> directions on {111} slip planes; for body-centered cubic (bcc) structure, 
the normal slip directions and slip planes are <111> directions and {110} or {112} 
planes.  In general, slip planes and slip directions correspond to close-packed planes and 
directions of the crystal structure.  In 1926, Frenkel [1] first calculated the shear stress 
required to perform this relative gliding behavior.  The schematic figure of the atomic 
arrangement is illustrated in Figure 1.1.  a and b are the distance between two rows of 
atoms and the spacing of atoms in the direction of the shear stress, respectively.  x is the 
distance apart from the equilibrium positions.   
 
 
 
 
 
a 
b
x 
Figure 1.1 Schematic atomic positions used to calculate theoretical critical shear stress. 
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Under the shear stress, the atoms deviate from their equilibrium positions and result in an 
increase of the energy.  It was assumed that the change of energy is the cosine function of 
position x and the resulting force can be expressed as 
b
x
a
bF ππ
μ 2sin
2
=                                                                                                              (1.1) 
where μ is the shear modulus.  Then the critical shear stress is 
a
b
π
μτ
2
=                                                                                                                           (1.2) 
With the assumption of ab ≈ , the critical shear stress can be given further as 
π
μτ
2
=                                                                                                                            (1.3) 
Obviously, the calculated results from this simple approach are many orders of 
magnitude larger than the real values obtained from the experiments.  This significant 
difference motivated many researchers to consider the already pre-existence of defects 
(dislocations) in real crystals.  The works of Taylor [2], Orowan [3], and Polanyi [4] in 
1930s can be regarded as the foundations of the modern dislocation theory.  They thought 
that the relative displacements of two parts of crystals across the glide plane result from 
the atomic movements of the dislocations which are spread continuously on the glide 
plane as shown in Figure 1.2, rather than the results of the motion of blocks of atoms 
simultaneously.  The dislocation theory accounted for the large difference between real 
shear strength and theoretical one and was verified further with the direct observation of 
dislocations by Transmission Electron Microscopy (TEM). 
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1.1 Geometry of dislocations and Burgers vector 
The dislocation discussed before can be formed by introducing an extra half atomic plane 
into the crystal, as shown in Figure 1.3(a).  The line DC is called a positive edge 
dislocation and designated with sign    .  If the extra half atomic plane is inserted below 
the glide plane, a negative edge dislocation is obtained and represented by    .  To define 
an arbitrary dislocation quantitatively, the concept of Burgers vector was introduced [5].  
For an edge dislocation, the definition of Burgers vector is illustrated in Figures 1.3(b) 
and 1.3(c).  A Burgers circuit shown in Figure 1.3(b) is a closed atom-to-atom path 
around a dislocation taken in a crystal.  If the same atom-to-atom path is now made 
without any dislocations in a perfect crystal as shown in Figure 1.3(c), the same loop 
cannot be closed.  The vector required to close this circuit is called Burgers vector.  Thus 
the Burgers vector of an edge dislocation is always perpendicular to the dislocation line.   
 
 
 
Figure 1.2 Atomic positions when a dislocation passes through a crystal [2]. 
(a)                       (b)             (c) 
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As seen in Figure 1.4(a), if the displacements in the crystals are on the one side of the 
glide plane relative to the other side one atom lattice distance along the arrow direction, a 
dislocation line is also generated along the intersection line between the regions with slip 
and without slip.  But the atomic plane is no longer a flat surface but a helicoid.  
Therefore, this dislocation type is called screw dislocation.  The Burgers vector of a 
screw dislocation can also be defined by a Burgers circuit as shown in Figures 1.4(b) and 
1.4(c). 
 
 
 
 
 
 
Moreover, when a dislocation line forms an arbitrary angle with its Burgers vector, the 
dislocation character is mixed, which can be decomposed into pure edge and pure screw 
components.  
Figure 1.3(a) Forming a positive edge dislocation; 
(b) and (c) definition of the Burgers vector of a edge dislocation [6]. 
 
  
(a) (b) (c) 
Figure 1.4(a) Forming a screw dislocation; 
(b) and (c) definition of the Burgers vector of a screw dislocation [6]. 
(a) (b) (c) 
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1.2 Elastic properties of dislocations 
1.2.1 Stress field of a dislocation 
In the isotropic media, consider the line of a straight dislocation with infinite length along 
the z-axis and located at the origin (x = 0; y = 0).  In rectangular coordinate system, the 
stress components of a screw dislocation can be expressed as given in [7]: 
0
2
2
22
22
=====
+==
+−==
yxxyzyx
zyyz
zxxz
yx
xb
yx
yb
σσσσσ
π
μσσ
π
μσσ
                                                                                      (1.4) 
where μ is the shear modulus.  The stress field of an edge dislocation is more complex 
than that of a screw dislocation.  The straight dislocation line is still put along the z-axis 
with infinite length and its Burgers vector is along x-direction.  Thus the stress 
components of an edge dislocation within the framework of isotropic elasticity are given 
as [7]: 
0
)(
)(
)(
)1(2
)(
)(
)1(2
)(
)3(
)1(2
222
22
222
22
222
22
====
+=
+
−
−=
+
−
−=
+
+
−−=
zyyzzxxz
yxz
xy
y
x
yx
yxxb
yx
yxyb
yx
yxyb
σσσσ
σσνσ
νπ
μσ
νπ
μσ
νπ
μσ
                                                                                     (1.5) 
where ν is Poisson’s ratio.  For a mixed straight dislocation with the angle θ between the 
dislocation line and the Burgers vector, based on the superposition principle, its stress 
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field will be the sum of the stress of a screw dislocation with Burgers vector 
θcosbb = and an edge dislocation with Burgers vector θsinbb = .  
 
For arbitrary dislocation configurations, a sequence of straight-line segments are usually 
used to approximate the real configuration and then the overall stress field can be 
regarded as the summation of the stress field of the each segment.  Peach and Koehler [8] 
first derived the stress tensor of a closed dislocation loop and expressed as  
k
ii
C imkm
i
imC m
i
imC m
xdR
xxxx
Rb
xdR
x
bxdR
x
b
′∇′′∂
∂−′∂′∂′∂
∂
−−
′∇′′∂
∂−′∇′′∂
∂−=
∫
∫∫
)(
)1(4
88
2
3
22
αβ
βα
αββααβ
δενπ
μ
επ
μεπ
μσ
                                   (1.6) 
Where μ and ν are shear modulus and Poisson’s ratio, respectively; 
b is Burgers vector of Cartesian components ib ; 
ijkε  is permutation operator, satisfying  
1
1
213321132
312231123
−===
===
εεε
εεε
                                                                                                    (1.7) 
ijδ  is Kronecker delta, satisfying 
0
1ij
i j
i j
δ ≠⎧= ⎨ =⎩                                                                                                                  (1.8) 
R is the magnitude of the radius vector connecting a source point on the loop to a field 
point and 2
2
2
ix
RR ′∂
∂=∇′ .  Thus, the stress field of an arbitrary curved dislocation can be 
obtained with line integration by utilizing Eq. 1.6. 
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In the case of anisotropic elasticity, there is no explicit expression for stress components 
of dislocations.  However, we can resort to numerical approach to obtain the solutions of 
the Green’s function [9], the derivative of which can be integrated over a surface 
bounded by a dislocation to calculate the elastic field of this dislocation.  The details 
regarding this calculation will be discussed in Chapter 2. 
  
1.2.2 Strain energy of a dislocation and line tension 
An elastically distorted region around a dislocation produces an extra strain energy.  Due 
to the large strain within the dislocation cores radius (around 1~2 b ), the elasticity is not 
applicable any more within this range.  Thus, the total energy can be divided into 
corestrainelastictotal EEE +=                                                                                                  (1.9) 
The elastic strain energy per unit length can be expressed as [10] 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−
−=
0
22
ln
)1(4
)cos1(
r
RbE νπ
θνμ                                                                                        (1.10) 
where μ  is the shear modulus; b is the Burgers vector; ν is the Poisson’s ratio; θ  is the 
angle between the dislocation and the Burgers vector; R is the outer radius of integration; 
r0 is the dislocation core radius.  For isotropic elasticity,  
ν
θνμ
−
−=
1
)cos1( 2K                                                                                                      (1.11) 
is defined as the energy factor of a dislocation.  Then the Eq. 1.10 can be given as 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
2
ln
4 r
RKbE π                                                                                                            (1.12)          
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Accordingly, the line tension TL per unit length of a straight dislocation depends on the 
energy factor K and its second derivative as [11] 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+⎟⎟⎠
⎞
⎜⎜⎝
⎛= 2
2
0
2 )()(ln
4 θ
θθπ
KK
r
RbTL                                                                                (1.13) 
For anisotropic elasticity, the determination of K requires numerical approaches, and can 
be evaluated by using either the sextic formalism [12,13] or the integral formalism 
[14,15].  The details of those formalisms will be discussed in Chapter 2.  
 
The core energy of dislocations will be evaluated by the generalized 2D Peierls-Nabarro 
model [16,17] in Chapter 3.  Under the force from the atoms on the two sides of the glide 
plane, a dislocation is usually in an equilibrium position.  When the dislocation is slightly 
displaced from its equilibrium position, an extra force is required to maintain the 
dislocation in this position.  This force is calculated from the change in the misfit energy 
due to the dislocation motion.  Discussion regarding this variation of the misfit energy 
(Peierls energy) and resulting applied shear stress (Peierls stress) will also be discussed in 
Chapter 3.  
 
1.2.3 Forces on dislocations and between dislocations 
As discussed before, the motion of dislocations is the result of external applied stresses 
and strains.  The force F acting on per unit length of a dislocation can be calculated as 
bF τ=                                                                                                                           (1.14) 
where τ is the applied shear stress, and b is the Burgers vector.  The force is always 
normal to a dislocation line to motivate the motion of the dislocation.  In addition to the 
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force due to an applied stress, a dislocation has a line tension as given in Eq. 1.10, which 
can be defined as the energy increase with per unit increase in the length of a dislocation 
line.  Due to the stress field of each dislocation line, forces also exist between 
dislocations.  Based on the sign of the stress fields of dislocations and their relative 
positions, these interactions could be attractive or repulsive between the dislocations.  For 
example, consider two infinite pure edge dislocations I and II with the same Burgers 
vector along the x-direction and the same line direction along the z-direction. Their 
positions are (0,0) and (x,y), respectively, where both x and y are positive.  According to 
Eqs. 1.5 and 1.14, the two force components acting on dislocation II from dislocation I, 
Fx and Fy are shown as follows: 
222
222
222
222
)(
)3(
)1(2
)(
)(
)1(2
yx
yxybbF
yx
yxxbbF
xy
xyx
+
+
−−==
+
−
−==
νπ
μσ
νπ
μσ
                                                                                                                 (1.15) 
It can be clearly seen that, the Fx is positive when x > y, leading to the repulsion between 
two dislocations, and the Fx is negative when x < y, which means two dislocations will 
attract each other. 
 
Moreover, the other crystalline defects such as impurities, vacancies, solute atoms, and 
grain boundaries also produce extra forces on dislocations, resulting in significant 
changes in the behavior of ordinary dislocations.  In Chapter 5, the interactions of solute 
atoms with dislocation junctions (a configuration formed by two dislocations located on 
two intersecting slip planes) will be discussed in detail. 
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1.2.4 Movement of dislocations and interaction of dislocations 
A dislocation can glide on its slip plane under an applied shear stress or even move out of 
this plane (climb) due to higher temperature and the effect of a normal stress.  For a pure 
screw dislocation, its slip plane is not unique because the Burgers vector is parallel to the 
dislocation line.  Thus screw dislocations may cross-slip in order to circumvent internal 
obstacles and to reduce internal stresses once the external stress reaches a certain value to 
overcome the line tension on the cross-slip plane, as schematically shown below.  
 
 
 
 
 
  
 
In addition, the intersection of two dislocations can form kinks (the steps of the 
dislocation lines on the slip planes), jogs (the parts of the dislocation lines that are not 
contained in the glide planes), or even sessile junctions (the parts formed along the 
intersection line of two slip planes).  All these interaction mechanisms can make 
significant effects on the motion of dislocations and can change the macroscopic 
deformation behavior of crystals.  
 
 
 
Figure 1.5 Cross-slip in a face-centred cubic crystal [6]. 
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1.2.5 Multiplication of dislocations 
Dislocation generation and multiplication, through Frank-Read mechanism, is one of the 
main sources for the increase in plastic strain during the course of deformation.  
Assuming an initially straight dislocation line pinned at two ends on a given glide plane, 
a shear stress is applied to make it bow out.  At the beginning, the curvature is almost 
zero everywhere and the effects of the self-forces (line tension) are negligible.  When the 
dislocation line bows out, the local curvature increases gradually to allow the self-forces 
balance the applied force and reach an equilibrium state at every time step.  When the 
average curvature of the dislocation line reaches a maximum at a critical stress (the 
Orowan stress), which is the transition point from the stable configuration to the unstable 
one, the self-forces cannot balance the external applied stress.  After that, the average 
curvature decreases although the dislocation line will expand continuously.  Eventually, 
the segments near two ends with the same Burgers vector and the opposite line direction 
would get close each other and annihilate.  Thus, a new dislocation loop is formed.  The 
original dislocation line pinned at two ends continues to bow out again to generate more 
dislocation loops, as long as applied external stresses are maintained. 
 
1.3 Dislocations in fcc and bcc crystals 
Given the condition of crystal structure and energy, the Burgers vectors of dislocations in 
fcc and bcc crystals are closely related to the lattice constant, and their orientations tend 
to obtain the minimized energy with the existence of dislocations.  
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1.3.1 Unit dislocations 
In fcc crystals, the closed-pack direction for atomic arrangement is <110> and the 
distance between atoms along this direction is a
2
2 (a is the lattice constant), which is 
the smallest atomic distance.  Thus, the relative sliding of two sets of atoms leads to the 
relative displacement of one-atom distance, which will not significantly alter the bonds in 
crystals.  Therefore, the Burgers vector ><= 110
2
ab , which is called unit dislocation 
because the magnitude of the Burgers vector equals to one atomic distance, can exist in 
fcc crystals due to its associated lower energy.  And it can also be seen that the existence 
of this unit dislocation fully corresponds to the slip system {111}<110> in fcc crystals.  
Likewise, the Burgers vector of the unit dislocation in bcc crystals is >< 111
2
a , the 
magnitude of which also equals to one atomic distance along the close-packed direction. 
 
1.3.2 Dislocation reactions, partials and sessile dislocations 
In order to avoid the energy peak along the direct unit lattice vector, it was proved that 
the energy would be favorable if the unit dislocation can dissociate into two partials, for 
which the magnitude of the Burgers vector of a partial is not a unit lattice vector, and a 
stacking fault between the two partials.  For instance, in fcc crystals, the unit dislocation 
with the Burgers vector ]110[
21
ab = can dissociate into two fractional dislocations with 
]211[
62
ab =  and ]112[
63
ab = .  The resulting two partials, called Shockley partials, 
repel each other due to the elastic interaction; in addition, there will be a band of stacking 
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fault between them associated with stacking fault energy to pull these two partials 
together.  An equilibrium position will be reached once the attractive force and the 
repulsive force balance each other (see Chapter 3).  For alloy systems exhibiting a lower 
stacking fault energy, the dissociation of a perfect dislocation can happen more readily.   
 
Thompson’s Tetrahedron [18] as shown in Figure 1.6 describes all the important 
dislocations and dislocation reactions in fcc crystals.  In this tetrahedron, the four corners  
 
 
 
 
 
 
 
 
 
 
are denoted by A, B, C, D and the mid-points of each faces are designated by δγβα ,,, .  
Thus, the four faces of this tetrahedron correspond to four possible {111} planes and six 
edges represent >< 110
2
a Burgers vectors.  Similarly, the Burgers vector of Shockley 
partials can be expressed by the line from a corner to the center of a face where this 
corner is located, such as Aβ, Aγ etc.  Also, the line from a corner to the center of the 
[100] 
[010] 
[001] 
A
B
C
D
Figure 1.6 (a) Thompson’s Tetrahedron; (b) unfolded Thompson’s Tetrahedron [18]. 
(a) (b) 
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opposite face can be defined as another kind of partial with the Burgers vector ]111[
3
a , 
which is called Frank partial and is a sessile partial because its Burgers vector is not in 
any {111} slip planes.   
 
Moreover, the important dislocation reactions were also designated by this tetrahedron.  
Firstly, it can be determined that a unit dislocation can dissociate into two Shockley 
partials in a certain slip plane.  Secondly, two unit dislocations can react to form a new 
unit sessile dislocation, which is called Lomer dislocation.  The condition to form a 
Lomer dislocation is that the two unit dislocations are located at two intersected slip 
planes separately and both parallel to the intersection line of the slip planes.  Then a 
Lomer reaction can be expressed as 
]101[
2
]110[
2
]110[
2
aaa →+                                                                                          (1.16) 
 
Thirdly, before the Lomer reaction, each unit dislocation could dissociate into two 
Shockley partials if the stacking fault energy between them is low and then the four 
partials can react further to form a new sessile unit dislocation, which is called Lomer-
Cottrell dislocation.  The detailed reactions are as follows. 
]121[
6
]121[
6
]110[
2
aaa +→  in the )111( plane 
]121[
6
]211[
6
]110[
2
aaa +→  in the (111) plane 
]121[
6
]101[
6
]121[
6
]121[
6
]211[
6
]121[
6
]121[
6
aaaaaaa ++→+++                             (1.17) 
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where ]101[
6
a  is not in )111( plane or (111) plane and is a sessile dislocation.  
 
There are more possible slip planes reported as {110}, (112}, and {123} in bcc crystals.  
Each of these planes contains >< 111
2
a  vectors.  Therefore, under an applied stress, 
screw dislocations may cross slip on different slip planes if the variation of the energy is 
favorable.  The possible dislocation dissociations proposed in {110} and {112} planes are 
]111[
6
]111[
6
]111[
6
]111[
2
aaaa ++→  in {112} plane 
]111[
4
]112[
4
]110[
8
]111[
2
aaaa ++→  in {110} plane                                                  (1.18) 
In addition, it was reported that two >< 111
2
a  unit dislocations might interact to form a 
<100> unit dislocation as follows: 
]001[]111[
2
1]111[
2
1 →+                                                                                             (1.19) 
In Chapter 3, some results from the dissociation of <111> and <001> dislocations in B2 
intermetallics by 2D generalized P-N model analysis will be discussed. 
 
1.4 Dislocation dynamics 
As discussed in the preceding sections, for special geometries of a single straight 
dislocation or a single circular dislocation loop (slip or prismatic), analytical solutions are 
available for their stress fields, interaction forces, and energies [7,19-22].  However, the 
difficulty in explaining the collective and dynamic behaviors of a large group of 
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dislocations still exists; and to achieve this objective numerical modeling and simulation 
techniques have been explored recently.  First, two dimensional (2D) dislocation 
dynamics was introduced by Forman [23] to study the interaction between dislocations 
and undeformed obstacles, such as precipitates and inclusions.  After that, a number of 
studies [24-29] have been carried out, focusing on straight, infinitely long dislocation 
distributions.  Owing to the limitation of 2D geometry, these simulations could not 
directly give all the explanations for the characteristics of collective dislocations, 
including multiplication of Frank-Read sources, annihilation, dipole formation, junction 
formation etc.  However, these studies clearly indicated the importance of such 
simulations to elucidate the mechanisms of plastic deformation.  Currently, the efforts are 
made on three dimensional, 3D, dislocation dynamics [30-37].  Almost all 3D models are 
based on the discretization of dislocation curves into succession of dislocation segments 
of a finite length.  The main differences among them are: how the topology of the 
dislocation is described (pure edge, pure screw, or mixed), the manner by which the 
stress or energy fields are calculated, and the introduction of the boundary conditions to 
the simulations. 
 
Most research on dislocation dynamics utilizes the solutions available in the framework 
of classical isotropic elasticity.  However, almost all the crystalline solids exhibit some 
degree of elastic anisotropy, ranging being moderately anisotropic such as in aluminum 
to highly anisotropic such as in zinc and intermetallic alloys.  It is also known that the 
elastic anisotropy plays a significant role in the evolution of dislocation microstructures, 
such as formations of kinks, cross-slips, and junctions.  Due to the computational 
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complexity, the extension from simple isotropic elasticity to anisotropic elasticity 
somewhat has not progressed.  Therefore, it is extremely desirable to extend 3D 
dislocation dynamics into anisotropic elasticity in order to improve the quantitative 
predictive capabilities of the discrete dislocation dynamics.  
 
1.5 Intermetallic compounds and RM B2 alloys 
Intermetallic compounds are defined as solid phases containing two or more metallic 
elements, with optionally one or more non metallic elements, whose crystal structure is 
same from that of the other constituents [38].  Due to their superior mechanical and 
physical properties, the studies on intermetallic compounds have attracted the attention of 
researchers over the years.  Owing to their strong internal order and bonds, intermetallics 
display prominent magnetic, superconducting, and chemical properties, for example, 
alnico being as permanent magnet, niobium-tin as type II superconductor, and nickel 
metal hydride battery etc.  Moreover, intermetallic compounds present high strength and 
strong ability to resist high temperatures, such as nickel aluminide and titanium 
aluminide for the high temperature applications both as base and as coating materials.  
However, the potential of most of intermetallics for engineering applications remains to 
be limited because of their relatively low ductility and their unacceptable fracture 
toughness values at homologous temperatures [39-44].  Accordingly, some approaches 
have been investigated to improve the ductility of intermetallics at room temperature [45-
50].  Without those contrivances, Gschneidner et al. have discovered a new class of fully 
ordered and ductile intermetallic compounds [51], which consist of a rare earth element 
and a main group or transition metal (RM).  These RM intermeallics are fully 
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stoichiometric and have the CsCl (B2) structure.  Apparently, there are 120 such alloys; 
most of these have not been studied, but at least 12 such compounds have been found to 
possess significantly high ductility and fracture toughness in polycrystalline form when 
tested at room temperature and in air [52-54].  Also, the bulk and defect properties of 
YAg and YCu have been recently studied by ab initio calculations [55].  The results 
indicate that, these have also high antiphase boundary energies as in NiAl; however, the 
unstable stacking fault for the <100> slip modes has lower energy in comparison to NiAl, 
suggesting a higher mobility of these modes.  Most numerical calculation and simulation 
results in the following chapters will be based on three new B2 alloys YCu, YAg, and 
YZn.  The corresponding results from normal intermetallic compounds NiAl and Fe-25Al 
will also be presented for comparison. 
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CHAPTER 2 
FORMALISM FOR 3D ANISOTROPIC ELASTICITY 
 
2.1 Dislocation line discretization 
To perform 3D dislocation dynamics calculations, dislocation loops need to be divided 
into several contiguous segments, which could be parametric space curves as in [1-4] (see 
Figure 2.1) or straight line segments as in [5,6] (see Figure 2.2).  Straight-line segments 
to approximate the dislocation loops rather than curved segments were utilized in this 
thesis, because of computational advantages that will be given later.  Each linear segment 
is terminated by a node, which connects two neighbor segments.  For each segment, the 
Burgers vector keeps same as the one for the whole dislocation loop.  The position vector 
r of an arbitrary point on a segment with two ends positioned at r1 and r2 can be 
parameterized as 
2211)( rNrNur +=                                                                                                            (2.1) 
uN −= 11  and uN =2  are shape functions, where 10 ≤≤ u .  Based on the desired 
number of integration points (Gauss quadrature points) on each segment, the Gauss-
Legendre weights and abscissas for each point can be calculated from the subroutine 
GAULEG [7]. 
 
 
 
 
  Figure 2.1 A discretized dislocation 
loop with finite curved segments [1]. 
b
r
 
Figure 2.2 A discretized dislocation loop with 
finite straight segments. 
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2.2 Nodal force calculation 
The force on each Gauss quadrature point can be obtained by Peach-Koehler formula (PK 
force): 
self
AD FtbF
rrrr +×•+= ))(( σσ                                                                                       (2.2) 
where Dσ  is the stress tensor from other remote segments; Aσ  is the applied stress 
tensor; b is the Burgers vector of the dislocation; t  is the unit tangent vector of the 
segment in question; and selfF
r
is the force arising from the segment itself and immediate 
adjacent segments.   
 
2.2.1 Stress field of dislocations and Integral Formalism 
For Dσ , in the case of the full isotropic elasticity, the stress field induced by a closed 
dislocation loop at an arbitrary field point was given in Eq. 1.6, the integral of which can 
be carried out by using numerical gauss integration and summing the contribution of each 
segment to overall dislocation line as given below [1]. 
⎥⎦
⎤⎢⎣
⎡ −−++= ∑∑∑= = = ukppmijijmkmnujimnuijmnmpp
N N Q
nij xRRxxRwb
loop s
,,,,,,
1 1 1
ˆ)(
1
1)ˆˆ(
2
1
4
max δενεεπ
μσ
γ β α
α
      (2.3) 
Where μ, ib , R, ijkε , ν , and ijδ represent the same meaning as in Eq. 1.6.  loopN , sN , and 
maxQ  represent the number of dislocation loops, the number of segments, and the number 
of Guass quadrature points on each segment, respectively. αw is the weight for the Gauss 
point in question and ijkR, is the corresponding partial derivatives of radius vectors.  
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Within the framework of anisotropic elasticity, there is no available analytical solution 
for the stress tensor; however, due to the intrinsic character that the elastic field of an 
arbitrary dislocation can be expressed as the integral over a surface bounded by the 
dislocation of the derivative of a function known as the Green’s function of elasticity [8], 
the numerical approach was employed to obtain the solutions of the Green’s function. 
 
In an infinite elastic medium, the tensor Green’s function )( xxGij ′− rr  is defined as the 
displacement component in ix  direction at point x
r  due to a unit force applied in the jx  
direction at x′r .  The displacement field caused by a dislocation can be given as [8]: 
)()()( , xdsnxxGbCxu nlijms jlmni ′′−= ∫ rrrr                                                                              (2.4) 
where S is the surface bounded by a dislocation line; jlmnC  is the fourth order elastic 
stiffness tensor; mb  is the components of the Burger’s vector; 
lijlij xxxGxxG ∂′−∂=′− /)()(, rrrr , and nn  are components of the unit normal vector to S.  
Differentiating Eq. 2.4, the elastic distortion tensor can be expressed as [9]: 
)()()( ,, xdlxxGbCxu kL qipmpqmnjnkji ′′−= ∫ rrrr νε                                                                  (2.5) 
where jnkε  is the permutation tensor; kν  is the unit tangent vector of the dislocation line; 
and dl is the dislocation line element. 
 
To numerically obtain derivatives of the Green’s functions, Stroh [10,11] developed a 
six-dimensional theory, in which the elastic strains are represented in terms of the 
products of the eigenvalues and their associated eigenvectors.  However, it is not easy to 
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solve sextic algebraic equations, the roots of which generally need to be solved 
numerically.  In addition, root degeneracy in isotropic case also leads to the 
inconvenience during the computation.  To circumvent these difficulties, Barnett [12] 
developed the integral formalism to evaluate Green’s tensor and its derivatives. 
 
To evaluate irG , Barnett [13] considered a spherical coordinate system as schematically 
shown in Figure 2.3. 
 
 
 
 
 
 
 
 
 
T
r
 is the unit vector in the direction of xx ′− rr , which can be expressed as: 
                                                         (2.6)  
where ],0[ πϕ  is the angle between the 3x -axis and the vector xx ′− rr , and )2,0[ πθ is the 
angle between the positive 1x -axis and the vector xx ′− rr  projected onto the 21xx -plane.  
In addition, two orthogonal unit vectors, ar  and b
r
, in the plane perpendicular to T
r
 are 
defined as: 
ϕθϕθϕ cos,sinsin,cossin 321 === TTT
Figure 2.3 A spherical coordinate system. 
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ϕθϕθϕ
θθ
sin,sincos,coscos
,0,cos,sin
321
321
−===
=−==
bbb
aaa
                                                          (2.7) 
Thus, the arbitrary vector zr  in this plane is given by 
ψψ sincos baz rrr +=                                                                                                       (2.8) 
where ψ  is the angle between zr  and ar . 
Then the Green’s function expression is given as 
ψψπ
π
dzM
xx
G irir ))((4
1
0
*
2
rrr ∫′−=                                                                                    (2.9)        
where 
)(
)(
)(*
zD
zNzM irir r
rr =  is the inverse matrix of symmetric Christoffel stiffness matrix 
sjijrsir zzCzM =)(r  [14].  ln2
1)( MMzN kmrmniklir εε=r  is a cofactor of the matrix )(* zM ir r  
and 321)( lnmmnl MMMzD ε=r  is the determinant of it. 
For derivatives of irG , Barnett [13] also showed it’s simple integral expression as 
{ } ψπ
π
dFzMT
xx
xxG irsirssir ∫ +−′−=′− 0
*
22, 4
1)( rr
rr                                                         (2.10) 
where )(** pwwpnrijjpnwir TzTzMMCF += . 
Combining Eqs. 2.5 and 2.10, the strain tensor at field points can be calculated 
numerically.   
 
During the course of simulations, to reduce the heavy computational burden for the 
evaluation of multiple integrals associated with the Eq. 2.10 to a manageable level, 18 
preprocessed look-up tables (overall Einstein summation for i, j and k) with 5˚ angle 
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separation were formed, for which φ and θ vary within the ranges mentioned above.  For 
given angles φ and θ in real dislocation configurations, interpolation scheme (subroutine 
LOCATE and BILINEAR) [7] was employed to get the value of the derivative of the 
Green’s function.  The error involved in this approach is around 2%.   
 
2.2.2 Calculation of self-force and Sextic formalism 
To evaluate this self-force term, several approaches are available.  Brown [15] considered 
to add an additional small loop around the segment, that is, calculate the stress on the 
points, which have normal distance ε±  to the point in question, respectively, and then 
take the average value.  Zbib et al. [16] introduced superposition procedure by 
considering the force at certain distance from bend resulting from the semi-infinite 
segment (starting from the bend) first and then subtracting the force from the semi-
infinite segment (starting from the other end of the finite segment) via far-field equations 
as given earlier.  Anton et al. [17] also calculated the self-force by fitting a circle on three 
adjacent nodes and then using the stress field arising from two fitted arcs (subtracting cut-
off distance), the analytical expression of which is available.  Barnett [18] showed the in-
plane self-force at the point P on the loop can be written as: 
nbEF SS r
r ⋅⋅−= σακ ~)(                                                                                                 (2.11) 
where κ  is the in-plane curvature at point P; )(αE  is the elastic energy of per unit length 
of a straight dislocation line; )]()([
2
1~ mPmP SSS εσεσσ −++= is the average self-stress 
at P, approaching it from an infinitesimal distance along the in-plane vector mP ε± ; and 
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nr  is the in-plane unit normal vector to the tangent vector at point P.  Gavazza and Barnett 
[19] derived a more explicit expression from Eq. 2.11, that is; 
],[)]}()([)8ln()]()([)({ PLJFFEEEF S −′′+−′′+−= ααεκααακ                            (2.12) 
where the first term results from the loop stretching during the infinitesimal motion; the 
second and third terms are major contributions for self-force, which are usual line tension 
approximation.  The fourth and fifth terms are dislocation core contributions, and ],[ PLJ  
is a non-local contribution from other parts of the loop.  It was shown [2] that the total 
contributions from the dislocation line stretching, the dislocation core, and the non-local 
terms are less than 18%.  The sextic formalism given by Stroh [10] was adopted to 
determine the values of E and its second derivative. 
 
Here, a short summary for sextic formalism is given as follows.  The basic equation of 
linear relation between the stresses ijσ and the strains ije  can be written in terms of the 
fourth rank tensor ijklC : 
ij ijkl klC eσ =                                                                                                                    (2.13) 
where i, j, k and l all take values from 1 to 3 and Einstein summation over repeated 
subscripts is carried out.  Strains kle  can be expressed as: 
)(
2
1
k
l
l
k
kl u
u
x
ue ∂
∂+∂
∂=                                                                                                       (2.14) 
Substituting Eq. 2.14 into Eq. 2.13, the stresses can be written in terms of the 
displacements: 
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( )kij ijkl
l
uc
x
σ ∂= ∂                                                                                                              (2.15) 
In the case of no body forces, substituting Eq. 2.15 into static equilibrium equation, we 
can get: 
( ) 0kijkl
j l
uC
x x
∂ =∂ ∂                                                                                                            (2.16) 
In the study of Eshelby et al. [20], the axis 3x  was taken to be parallel to the dislocation 
line, which means that the elastic state is independent of 3x .  Thus, the standard form of 
solutions for Eq. 2.16 can be shown as: 
( )1 2k ku A f x px= +                                                                                                      (2.17) 
where p and  kA  are constants.  Substitution Eq. 2.17 into Eq. 2.16, we have: 
2
1 1 1 2 2 1 2 2( ) 0i k i k i k i k kC C p C p C p A+ + + =                                                                       (2.18) 
The linear Eqs. 2.18 have a nonzero solution for the kA only if p is such that the 
determinant of their coefficient is zero, i.e. 
2
1 1 1 2 2 1 2 2 0i k i k i k i kC C p C p C p+ + + =                                                                             (2.19) 
It was shown that the roots np are never real.  Since the elastic constants are real, the 
roots must be pairs of complex conjugates, i.e. 
* * *
4 1 5 2 6 3p p p p p p= = =                                                                                         (2.20) 
Only three roots ( 1,2,3)pα α =  with positive imaginary parts are used in Stroh’s theory.  
Numerical methods are needed to obtain these three roots.  Once ( 1,2,3)pα α =  are 
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found, the corresponding non-zero vector kA can also be found to satisfy Eq. 2.18.  Stroh 
then defines: 
2 1 2 2( )i i k i k kL C p C Aα α α= +                                                                                              (2.21) 
and jMα , which is the inverse of iLα ; and  
1 ( )
2ij i j i j
B i A M A Mα α α α
α
= −∑                                                                                      (2.22) 
ijH  is defined as the inverse of ijB .  Here the matrices A, L, M, B, and H are same for any 
dislocation with some geometry and not related with the Burgers vector.  In Stroh’s 
theory, the relation between the Burgers vector and the matrix B is given as: 
i ij j
i ij j
b B d
d H b
=
=                                                                                                                     (2.23) 
Then the elastic energy, E, can be calculated by 
44
0
ln
4 ij i j
C RE H b b
rπ
⎛ ⎞= ⎜ ⎟⎝ ⎠
                                                                                               (2.24) 
Preprocessed tables for E  and E ′′ with the angle variation from 0 to π were also set up to 
lower the computational burden greatly.  Likewise, for given angles between Burgers 
vectors and dislocation lines, again, the interpolation approach can be used (subroutine 
SPLINE and SPLINT [7]) to calculate the values of line tension and the resulting self-
forces at the Gauss integration points. 
 
Once the stress tensor Dσ and the self-force were calculated, the force on the Gauss point 
in question can be obtained by utilizing Eq. 2.2.  Then the forces on the two ends of this 
segment can be calculated by the integration along this segment and the global force 
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vector for the whole dislocation line can be assembled with the force vector of each 
dislocation node.   
 
2.3 Equation of Mobility  
According to the calculated forces on nodes, the governing equation of motion of a single 
dislocation loop is given by [2]: 
( ) 0tk k rkF B V dsα α δΓ − =∫                                                                                              (2.25) 
Here, tkF  are the components of the resultant force, consisting of the PK force (Eq. 2.2); 
Bαk is the resistivity (inverse mobility) matrix; Vα are velocity vector components; rkδ are 
distance vector components, and the line integral is carried along the arc length of the 
dislocation ds.  Once the velocities of the nodal points on dislocation lines are determined 
from Eq. 2.25, the positions of dislocations are updated, and then dislocation reactions 
are carried out. 
 
For clarity, the flow charts of 3D dislocation dynamics employed in the simulations are 
shown in Figures 2.4 and 2.5 for isotropic and anisotropic cases, respectively. 
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Input file (Burgers vector, Miller index 
of slip planes, coordinate of initial 
nodes on dislocation lines etc.) 
Do istep =1, nstep (# of DD steps) 
Form global 
stiffness matrix k
Form global 
force vector f
Solve equation k · u = f 
Update positions of nodes 
Do iloop =1,ntlop 
Remesh 
Do iloop =1,ntlop 
Multiplication  
and Short-range reaction  
Output file and Movie file 
Restart file 
Isotropic Elasticity: 
Figure 2.4 Flow chart of isotropic dislocation dynamics simulations. 
Do iloop =1, ntlop (# of loops) 
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Read data of derivatives of Green’s 
function from preprocessed look-up tables 
Read data of elastic energies and their 
derivatives for two slip systems from 
preprocessed look-up tables 
Input file  
Do istep =1, nstep 
Calculate permutation tensor and elasticity tensor 
Do iloop =1, ntlop 
Form global 
stiffness matrix k 
Form global 
force vector f 
Solve equation k · u = f 
Update positions of nodes 
Do iloop =1,ntlop 
Remesh 
Output file and Movie file 
Restart file 
Anisotropic Elasticity: 
Figure 2.5 Flow chart of anisotropic dislocation dynamics simulations. 
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CHAPTER 3 
INTRINSIC PROPERTIES OF PERFECT DISLOCATIONS 
IN INTERMETALLICS 
 
3.1 Stability of perfect dislocations in intermetallics 
Stability of the dislocations in intermetallics plays an important role in deformation 
mechanisms for yielding and work hardening [1-3].  In order to better understand the 
deformation behavior in these new rare-earth based intermetallics and also provide 
guidance to experimental efforts, the stability of the ordinary dislocations in YCu, YAg, 
and YZn was studied and the results were compared with the common intermetallic 
alloys NiAl and Fe-25Al.   
 
In this study the sextic formalism given by Stroh [4], the detail of which has been 
discussed in Chapter 2, together with the right-handed Cartesian coordinate system 
shown in Figure 3.1(a), were adopted to determine the values of energy factor K (see Eq. 
2.24).  
 
If the logarithmic term in Eq. 1.12 is assumed to be constant for all dislocation 
orientations, the 1/K plots are equivalent to the inverse Wulff plots (1/E) [5].  There are 
two criteria for dislocation line instability [6] as schematically shown in Figure 3.1(b).  
The first is the concavity of the inverse Wulff plot which can be defined by two common 
tangent points (θA - θB).  And the second is the negative line tension (TL < 0) that 
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corresponds to the two inflection points (θP - θQ).  The negative line tension is a sufficient 
but not necessary condition for instability.  All straight dislocations with the interval θA - 
θB will relax their energy by transforming into V-shaped bends or zigzagged bends [7]. 
 
The elastic constants of the alloys at room temperature used in this study are given in 
Table 3.1, together with the anisotropy factors A=2C44/(C11-C12) and H=2C44-C11+C12 
for the purpose of comparison.  A detailed discussion of the role of anisotropy constants 
in these intermetallics in terms of Pugh’s ductility criterion was recently given in ref. [8]. 
 
Table 3.1 Elastic constants and anisotropy factors of five intermetallic alloys.  
 C11 (102GPa) C12 (102GPa) C44 (102GPa) A H 
Fe-25Al 1.71 1.31 1.32 6.6 2.24 
NiAl 1.703 1.154 0.897 3.27 1.245 
YAg 1.024 0.54 0.372 1.54 0.26 
YCu 1.134 0.484 0.323 0.99 -0.004 
YZn 0.9465 0.4777 0.4716 2.01 0.47 
Elastic constants were taken for Fe-25Al and NiAl from [2] and [1], respectively. Experimental 
values given in [8] were used for YAg and YCu. Values for YZn were measured and they closely 
agree with [9]. 
 
3.1.1 Line stability of glide dislocations (shear loops) 
Figure 3.2 compares the inverse energy (1/K) plots for (110)[111]  slip.  As can be seen 
from Figure 3.2(a), for NiAl, the dislocations within the angular range of 38º< θ <59º(θA - 
θB) are unstable, and also the dislocations in the range of 41º< θ <52º (θP - θQ) have 
negative line tension values.  Similarly, the instability in the range of 24º< θ <76º and 
negative line tension between 37º< θ <60º for Fe-25Al are observed.  In contrast, the 
dislocations with this slip system are all stable in YCu, YAg, and YZn as can be seen 
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from the convex shape of (1/K) plots in Figure 3.2(b); in addition, for all the θ values 
their line tension is positive.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x3= b 
n = s x b
x2
sθ
φ
x1
θBθA
A
B
P
Q
b
Screw
Edge
(a) (b) 
Figure 3.1 (a) Cartesian coordinate system for a straight dislocation; b is the 
Burgers vector and s is the dislocation line vector; (b) A schematic illustration 
of dislocation instabilities on an inverse Wulff plot; θ is the angle between the 
Burgers vector and the dislocation line direction; the points labeled P and Q 
indicate the range where the line tension takes negative values. 
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(a) (b) 
Figure 3.2 (1/K) plot for ]111)[011(  glide loop.  (a) Data for NiAl and Fe-25Al; instabilities 
for NiAl are: 38˚<θA-B <59˚ and 41˚<θP-Q <52˚; and for Fe-25Al are: 24˚<θA-B <76˚ and 
37˚<θP-Q <60˚; (b) Data for YCu, YAg, and YZn. 
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For the case of ]001)[011(  slip, Fe-25Al exhibits two ranges of instability, one centering 
on screw (θ = 0º) and the other centering on edge dislocations (θ = 90º). As for NiAl, the 
instability is only centered on the screw dislocations; no instability is present near the 
edge dislocations as can be seen in Figure 3.3(a).  The angles for these instabilities are 
listed in the Figure caption.  However, ]001)[011(  slip in YCu, YAg, and YZn is stable 
in all directions together with all positive line tension as seen in Figure 3.3(b). 
 
 
 
 
 
 
 
 
 
 
 
 
The (1/K) plots for ]110)[011(  slip are shown in Figure 3.4. As can be seen from the 
Figure, this slip system appears to be stable in both conventional intermetallics NiAl and 
Fe-25Al and the rare-earth based YCu, YAg, and YZn.   
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(a) (b) 
Figure 3.3 (1/K) plot for ]001)[011( glide loop.  (a) Data for NiAl and Fe-25Al; 
instabilities for NiAl are: -17˚<θA-B <17˚ and -12˚<θP-Q <12˚; and for Fe-25Al are:  
-36˚<θA-B <36˚, 66˚<θP-Q <114˚ and -15˚<θA-B <15˚, 77˚<θP-Q <103˚; (b) Data for 
YCu, YAg, and YZn.  
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In the case of (001)[010] slip, as seen in Figure 3.5(a), while Fe-25Al exhibits instability 
in two angular ranges, one in screw orientation (θ = 0º) and the other in mixed orientation 
(θ ≈ 60º), for NiAl the instability range is only in screw orientation.  Again for this slip 
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Figure 3.4 (1/K) plot for ]110)[011(  glide loop. (a) Data for NiAl and Fe-25Al; (b) 
Data for YCu, YAg, and YZn. 
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Figure 3.5 (1/K) plot for (001)[010] glide loop.  (a) Data for NiAl and Fe-25Al; instabilities for 
NiAl are: -30˚<θA-B <30˚ and -13˚<θP-Q <13˚; and for Fe-25Al are: -34˚<θA-B <34˚, -16˚<θP-Q <16˚, 
and 52˚<θA-B <68˚, 56˚<θP-Q <63˚; (b) Data for YCu, YAg, and YZn. 
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system, either concavity in the (1/K) plot, or negative values for the line tension in YCu, 
YAg, and YZn is not observed, as can be seen in Figure 3.5(b). 
 
For all these slip systems, the energy factors for edge component Ke and screw 
component Ks together with their ratios (Ke / Ks) indicating the stability are summarized 
in Table 3.2.  For (Ke / Ks) > 1, pure screw dislocations are more energetically favorable 
than pure edge dislocations.  In the case of (110)[001]  and (001)[010] slip systems the 
edge dislocations are more stable for Fe-25Al and NiAl.  For these slip systems, in YZn 
the edge and the screw dislocations are almost equally stable.  On the other hand, in YAg 
and YCu the energetically favorable dislocations appear to be of screw character in all the 
slip systems.   
Table 3.2 Energy factor and stability ratio of the glide dislocations on the four different slip 
systems (unit: 102 GPa). 
 (110) [111] (110) [001] (110) [110] (001)[010] 
 Ke Ks Ke/Ks Ke Ks Ke/Ks Ke Ks Ke/Ks Ke Ks Ke/Ks
Fe-
25Al 0.95 0.36 2.64 0.91 1.32 0.67 0.71 0.51 1.39 
0.70 1.32 0.53 
NiAl 0.85 0.40 2.13 0.80 0.89 0.90 0.71 0.50 1.42 0.71 0.90 0.79 
YAg 0.46 0.28 1.64 0.44 0.37 1.19 0.43 0.30 1.43 0.43 0.37 1.16 
YCu 0.46 0.32 1.44 0.46 0.32 1.44 0.46 0.32 1.44 0.46 0.32 1.44 
YZn 0.50 0.29 1.72 0.47 0.47 1.00 0.45 0.33 1.36 0.45 0.47 0.96 
 
The stability of dislocations in NiAl and iron aluminates was studied previously in [1] 
and [2], respectively.  The results for these alloys with regard to line instabilities, Figures 
3.2-3.5, are exactly the same for most of the slip systems as given in [1,2], and any 
deviations seen are only within one degree.  These stability analyses of dislocation 
systems in NiAl and iron aluminates have been correlated well with many detailed 
microstructural analyses [2,10-14] and molecular dynamics simulations [15-17].  At this 
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stage, such detailed correlation for YCu, YAg, and YZn cannot be made, due to the 
extremely limited availability of TEM data.  Nevertheless, it is expected that the results 
presented for these new rare-earth based intermetallics are equally as valid as in the case 
of NiAl and Fe-25Al and that they elucidate the differences in single crystalline 
deformation behavior.  
 
As seen from the (1/K) plots, the slip systems in the rare-earth based intermetallic 
compounds YCu, YAg, and YZn are all stable, in contrast to NiAl and Fe-25Al.  For both 
screw and edge dislocations the energy factor values for these systems are about half of 
the values seen for Fe-25Al and NiAl.  The results also indicate that for YAg and YCu 
the energetically favorable dislocations appear to be of screw character in all the slip 
systems; however, for YZn, both the edge and the screw dislocations are approximately 
equally stable in 001  orientation. 
 
3.1.2 Line tension and kink pair interaction energy 
The elastic interaction energy of kink pairs, W, is given by: 
L
hKKbW
2
2
22 )()(
8 ⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂+= θ
θθπ                                                        (3.1) 
where h is the height of the kink and L is the length of the kink.  As can be seen from 
Eqs. 1.10 and 3.1, for the same dislocation orientation, the line tension and kink pair 
interaction energy have the same energy factor K terms.  Therefore, their angular plots 
will have the same shape but different units.  The additional stress needed to move the 
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dislocations with a kink/bowing part increases with increasing line tension; therefore, 
glide becomes more difficult for dislocations having larger line tension. 
 
Because there is no negative line tension for ]110)[011(  slip system in any of the alloys 
investigated, the angular variation of the line tension factor values is shown in Figure 3.6 
for this slip system.  The inserts indicate the kink pairs or bowing parts on the 
dislocations.  As can be seen from the Figure, with the exception of YCu, the angular 
values for the minimum/maximum values of line tension factor are very similar in all 
alloys for this slip system.  The line tension factor values of screw and edge dislocations, 
the minimum/maximum values together with the angular values and corresponding 
approximate directions, for all the slip systems under consideration, are summarized in 
Table 3.3.  In general, it is observed that the angles θmin and θmax where the line tension 
has minimum or maximum values do not correspond to screw or edge orientations. 
Moreover, the ratio ( K K ′′+ )min / ( K K ′′+ )max is less than ( K K ′′+ )edge / ( K K ′′+ )screw.  
With the exception of YZn under ]001)[011(  and (001)[010] slip condition, the line 
tension factor values for screw segments are higher than the values seen for edge 
segments indicating higher attractive interactions between the screw segments.  Also, 
( K K ′′+ )edge / ( K K ′′+ )screw < 1 indicates that the edge dislocations with kinks/bowing 
parts are much easier to glide than screw dislocations in their respective slip planes.  
Therefore, glide is easier for edge dislocations with kinks in YCu, YAg, Fe-25Al, and 
NiAl in all the slip systems, and in YZn except for the ]001)[011(  and (001)[010] slip 
systems in which glide is easier for the screw dislocations.  For YCu, the line tension 
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factor values for both screw and edge segments are almost independent of the slip 
system, while for the others they vary from slip system to slip system.  For both edge and 
screw segments, the line tension factor values in Fe-25Al and NiAl are about a factor of 
2-4 more than the ones seen for the rare-earth based intermetallic compounds.      
 
 
 
 
 
 
 
 
 
 
 
    
Table 3.3 Line tension factor )( KK ′′+ of the glide dislocations under the different slip systems 
(unit: 102 GPa). 
( )minK K ′′+  ( )maxK K ′′+   Ke Ke′′+  Ks Ks′′+  
θmin [uvw] θmax [uvw] 
Ke Ke
Ks Ks
′′+
′′+  
( )min
( )max
K K
K K
′′+
′′+  
(110)[111]  Slip   
Fe25Al 0.5352 2.818   0.19  
NiAl 0.3346 2.037   0.16  
0.1861 0.7401 
YAg 0.2025 0.7401 66˚ [117]  0˚ [111] 0.27 0.25 
0.1855 0.5984 
YCu 0.1855 0.5984 90˚ [112]  0˚ [111] 0.31 0.31 
0.1529 0.8917 
YZn 0.2799 0.8917 57˚ [227]  0˚ [111] 0.31 0.17 
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Figure 3.6 Angular variation of the line tension factor of ]110)[011(  slip dislocations; the inserts 
indicate the kink pairs or bowing parts on certain orientated dislocations.  Data for (a) Fe-25Al,  
(b) NiAl, (c)YAg, (d) YCu, and (e) YZn. 
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Table 3.3 (continued) 
(110)[001] Slip    
Fe25Al * *     
NiAl * *     
0.1676 0.6125 
YAg 0.1676 0.2846 90˚ [110]  36˚ [112]  0.59 0.27 
0.1850 0.6052 
YCu 0.1850 0.6052 90˚ [110]  0˚ [001] 0.31 0.31 
0.0428 0.7969 
YZn 0.2074 0.0428 0˚ [001] 40˚ [223]  4.84 0.05 
(110)[110]  Slip 
0.1582 0.9613 Fe25Al 0.5402 0.7273 66˚ [113] 32˚ [111] 0.74 0.16 
0.1752 0.9628 NiAl 0.4481 0.7489 66˚ [113] 29˚ [554] 0.60 0.18 
0.1749 0.5412 YAg 0.2 0.4969 72˚ [114] 23˚ [553] 0.40 0.32 
0.1926 0.5852 YCu 0.1926 0.5852 90˚ [001] 0˚ [110] 0.33 0.33 
0.1914 0.5826 YZn 0.2628 0.4464 69˚ [114] 28˚ [443] 0.59 0.33 
(001)[010] Slip 
Fe25Al 0.2177 *     
NiAl 0.9668 *     
0.2415 0.6045 
YAg 0.2768 0.2829 
72˚ [310]  34˚ [230]  
0.98 0.40 
0.1831 0.6042 
YCu 0.1831 0.6042 
90˚ [100]  0˚ [010] 
0.30 0.30 
0.0281 0.7808 
YZn 0.4398 0.0281 
0˚ [010] 36˚ [570]  
15.6 0.035 
* negative line tension 
 
3.1.3 Line tension of screw dislocations on cross-slip planes 
The line tension of screw dislocations is important primarily because of its role in 
deformation involving cross-slip.  If the line tension on a cross-slip plane is many times 
larger than the line tension on a primary-slip plane, because the bowing of a dislocation 
on the cross-slip plane is more difficult, higher line tension counterbalances the external 
 44  
forces that drive the cross-slip from the primary-slip plane to the cross-slip plane.  On the 
other hand, if the line tension is negative on one or more cross-slip planes, since they are 
elastically unstable, cross-slip may occur by lengthening/bending (i.e. zigzag formation) 
even in the absence of any external driving force [18]. 
 
It was shown that the line tension values for <111> and <001> screw dislocations are 
independent of the cross-slip planes [18].  The results obtained here also support this and 
did not indicate any substantial difference in the line tension of [111] and [001] screw 
dislocations for the cross-slip planes in YCu, YAg, and YZn by taking )011(  plane as 
the reference primary-slip plane.  However, cross-slip for these screw dislocations will 
depend on the line tension factor values given in Table 3.3.  For [111] screw dislocations 
it is much easier to cross-slip in YCu, followed by YAg and then YZn, than in NiAl and 
Fe-25Al.  On the other hand, for ]001)[011(  and (001)[010] screw dislocations, while the 
NiAl and Fe-25Al show negative line tensions, the values for YCu, YAg, and YZn are all 
positive, Figures 3.3 and 3.5.  Therefore, cross-slip of <001> screw dislocations is more 
favorable in NiAl and Fe-25Al than in the new rare-earth based intermetallic compounds.  
For <001> screw dislocations cross-slip becomes much easier in YZn, than in YAg and 
lastly in YCu, Table 3.3. 
 
For ]110)[011(  dislocations there is no line tension instability, Figure 3.4.  Taking 
)011( plane as the reference primary-slip plane, variation of the line tension factor values 
on its cross-slip planes for this screw dislocation is shown in Figure 3.7.  As can be seen 
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from the Figure, the variations of the line tension factor values at different cross-slip 
planes are much smaller for rare-earth based alloys, which makes this cross-slip possible 
at much smaller external driving forces than the ones required for Fe-25Al and NiAl.  In 
the case of YCu, there is no difference in the line tension values for the different cross-
slip planes due to its almost isotropic nature, Table 3.1, and again YAg exhibits a smaller 
variation in comparison to YZn.    
 
 
 
 
 
 
 
 
 
 
 
3.2 Core properties of dislocations in YAg, YCu, and NiAl B2 intermetallics 
3.2.1 Introduction 
In recent years, there has been considerable renewed interest in the Peierls-Nabarro (P-N) 
model [19,20] to describe the dislocation cores and the mobility of dislocations, due to 
the accurate determination of generalized stacking fault energies (γ-surface) and the 
relatively small computational demand required by the model itself.  The details of the 
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Figure 3.7 Variation of the line tension factor of [110] screw dislocations  
on various cross-slip planes. 
 46  
generalization of the P-N model from its original 1D treatment to 2D and stress assisted 
dislocation constriction and cross slip can be found in refs [21-24]. 
 
In this study, a generalized P-N model fitted to the generalized stacking fault energies 
calculated from ab initio density functional theory for YAg, YCu, and NiAl was 
employed in order to elucidate the intrinsic character of dislocations in ductile B2 YAg 
and YCu intermetallic alloys. 
 
3.2.2 Methodology 
The methodology used in this study closely follows the work of Schoeck [25,26] in 
which the core structure of dissociated dislocations in NiAl was studied within the 
framework of the generalized P-N model.  It was shown [25] that the results obtained 
from the generalized P-N model by using the γ-surface determined from an EAM 
potential for NiAl were in excellent agreement with the result obtained from the direct 
atomistic simulations, which also used the same EAM potential [27].   
 
For a dislocation having total Burgers vector B, the resulting displacement can be 
expressed by superposition of fractional Peierls dislocations as: 
2
)( i
i
ii b
w
dxarctgbxu +⎥⎦
⎤⎢⎣
⎡ −⎟⎠
⎞⎜⎝
⎛= ∑ π                                             (3.2) 
where coordinate x is perpendicular to the dislocation line; bi is the Burgers vector of the 
ith fractional dislocation positioned at di with width wi and the condition such that 
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∑= ibB is satisfied.  The resulting elastic energy from the distribution of these fractional 
dislocations can be expressed in the compact form as: 
( ) ( )∫∫ −∂∂= dsdxxusxHssuEel                                                                                         (3.3) 
where H is the Stroh tensor for the prelogarithmic energy coefficients (see Eq. 2.24).  
Based on the anisotropic elastic constants and the dislocation line orientation, the H 
matrix can be calculated by the sextic formalism discussed in Chapter 2.  A useful routine 
for H matrix calculation is given in ref. [28].  For YAg and YCu, the anisotropic elastic 
constants used in the calculation of this study are the same as the ones in Table 3.1; the 
data for NiAl are the same as those used in ref. [25] for comparison.   
 
The misfit energy in the glide plane, part of the total energy, can be evaluated, by 
integrating the local γ-surface values along the displacement path: 
∫∞∞−= dxxuEmisfit ))((γ                                                                                                      (3.4) 
In this study, the γ-surfaces for YAg, YCu, and NiAl were determined by using ab initio 
electronic-structure calculations based on DFT, namely, the Vienna ab initio simulation 
code (VASP) [29-31] and provided by C.Z. Wang and M. Ji [32].  Due to the symmetry, 
the results obtained from ab initio studies can be represented by a 2D Fourier series using 
reciprocal lattice vectors in the form of: 
∑=
nm
mn a
nz
a
myCzy
,
2cos
2
2cos),( ππγ                                             (3.5) 
where y and z are the displacements in the lattice frame. The resulting Fourier series 
coefficients Cmn for YAg, YCu, and NiAl are given in Table 3.4.  
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Table 3.4 Fourier coefficients Cmn in Eq. 3.5 (unit: J/m2). 
 
 
The γ-surfaces from the Fourier series fit are shown in Figure 3.8(a) and corresponding γ-
surfaces contour plots are given in Figure 3.8(b).   
 
The total energy due to the elastic energy and the misfit energy 
misfiteltotal EEE +=                                                         (3.6) 
can be minimized with the geometrical parameters in Eq. 3.2 that describe all possible 
configurations of the dislocations core.  Therefore, according to Eq. 3.2, each partial can 
be designated with three geometrical parameters bi, di and wi.  Due to the symmetry of γ -
surface, it was assumed that one partial is located in the center (x = 0) with the width w2, 
and the other two partials are positioned at d and –d, respectively, with the same width 
w1. Furthermore, the Burgers vector of partials can be expressed by its screw r and edge s 
components, i.e. 
YAg n = 0 1 2 3 4 5 
m = 0 5.27E-01 4.37E-02 -1.95E-02 9.62E-04 -1.59E-03 2.83E-04 
1 -3.41E-01 -2.23E-01 1.35E-03 -4.49E-03 -4.87E-04 -2.95E-04 
2 1.61E-02 1.17E-02 -1.47E-02 4.27E-04 -1.40E-03 1.10E-04 
3 -1.70E-02 2.32E-02 1.82E-03 -8.79E-04 -1.54E-04 -3.70E-04 
4 -4.58E-04 -4.28E-03 4.64E-03 5.15E-05 -2.29E-04 -1.91E-04 
5 1.04E-03 -2.94E-03 -1.92E-04 1.19E-03 1.69E-04 -3.65E-05 
       
YCu n = 0 1 2 3 4 5 
m = 0 6.46E-01 2.00E-02 -2.28E-02 -4.30E-05 -1.17E-03 4.26E-04 
1 -4.10E-01 -1.90E-01 -1.48E-03 -7.47E-03 3.76E-04 -6.88E-04 
2 -2.39E-02 7.80E-03 -1.46E-02 1.40E-03 -2.07E-03 -1.39E-04 
3 -1.47E-02 1.04E-02 6.72E-03 -2.75E-04 3.96E-04 -1.18E-04 
4 1.54E-03 -6.71E-03 3.40E-03 1.04E-03 1.93E-04 1.86E-04 
5 -1.97E-04 3.83E-04 -3.21E-03 2.60E-04 5.27E-06 -1.87E-04 
       
NiAl n = 0 1 2 3 4 5 
m = 0 2.61E-01 9.01E-02 -4.64E-02 5.60E-04 -1.25E-03 -7.30E-05 
1 -3.64E-01 -5.96E-01 2.95E-03 -9.85E-03 -3.30E-04 -2.60E-04 
2 1.23E-01 -1.10E-01 -2.59E-02 -1.83E-03 -1.41E-03 7.49E-05 
3 7.67E-03 2.84E-02 -1.14E-02 -3.80E-03 -2.56E-04 -2.83E-04 
4 -4.22E-03 7.90E-03 2.85E-03 -1.51E-03 -4.34E-04 -3.31E-04 
5 -1.73E-04 -1.17E-03 1.04E-03 5.71E-04 -4.20E-05 5.64E-05 
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ab
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+=
                                                                                                   (3.7) 
For example, when r = 1, s = 0, and d = 0, the dislocation is undissociated; when r = 1, s 
= 0, and d≠ 0, the dislocation is decomposed into two partials. 
 
For )101](100[ dislocations, to follow the energy-favorable path on the γ -surface, it was 
assumed that the [100] dislocation is dissociated into two symmetrical partials with the 
same screw components B/2 and opposite edge components s and –s, respectively. Again, 
the two partials with the same width w are positioned at d and –d. 
 
In this simulation, downhill simplex method (subroutine AMOEBA [33]) was used to 
minimize the total energy and obtain the balanced values for all of parameters.  In the 
numerical evaluation of the misfit energy (Eq. 3.4) the value for the infinite integral and 
also in the evaluation of H tensor the required value for the outer cut of radius were all 
taken as bR 1000= . 
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Figure 3.8 )101( γ-surfaces of YAg, YCu, and NiAl. 
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3.2.3 Results and discussion of dislocation core sizes 
Figure 3.9 shows the generalized stacking fault energy (γ-curves) along <001> and 
<011> directions for YAg, YCu, and NiAl obtained from the ab initio calculations.  The 
Figure also includes the results obtained from an EAM potential for NiAl as provided in 
[25].  For all three alloys, the absence of the intrinsic stacking faults (a local minimum) 
for both directions on )101(  plane can be clearly seen from the Figure.  In addition, 
unstable stacking fault energies (the maximum values on the curves) are lower for YAg 
and YCu than the one seen for the NiAl.  The value for YAg is slightly lower than that of 
YCu.  Also, the difference between the maximum values is larger in <001> direction.  
While the generalized stacking fault energy for NiAl obtained from the ab inito 
calculations and the EAM potentials agree closely with each other in <011> direction, 
somewhat, the values differ in <001> direction.            
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 (a) Cross sections at y = 0 of the γ-surfaces for )101(  plane in NiAl, YAg, and YCu; 
                 (b) cross sections at z = 0 of the γ-surfaces for )101( plane in NiAl, YAg, and YCu.
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3.2.3.1 [111]{110} dislocations 
For )101](111[ dislocations, based on the shape of the γ -surface in )101( plane, it can 
decompose into three partials as suggested in ref. [25].  After the minimization process, 
the resulting equilibrium values of the geometrical parameters, for the dislocations having 
edge, mixed (with [100] line direction), and screw characters for this slip system are 
summarized in Table 3.5.  Also, the results based on the γ -surface derived from Ludwig 
potential (an EAM potential) [25] for NiAl are given for the comparison purpose.  
 
As can be seen from Table 3.5, for the edge and mixed character in NiAl, the calculation 
results are very close to those from ref. [25] in terms of the five parameters, and the total 
minimized energy evaluated here is even lower.  For any dislocation character, it is seen 
that [111]{110} dislocations in NiAl, YAg, and YCu can dissociate into three partials to 
follow the lowest energy path determined by the γ )101(  surface (see Figure 3.8).  The 
similar splitting mode, based on the direct atomistic calculations [34,35] is also seen for 
NiAl.  For the edge character, the splitting distances for NiAl, YAg, and YCu are 6.42 Å, 
6.74 Å, and 6.38 Å, respectively. For the mixed character, they decrease to 5.58 Å, 6.4 Å, 
and 6.06 Å.  For the screw character, the splitting distances further drop to 2.9 Å, 3.28 Å, 
and 3.06 Å, which are approximately half of those of the edge dislocations.  This trend of 
change has a close agreement with the results calculated from the atomistic calculation 
and the reason is the weaker interactions between the partials in case of the screw 
character [27].  The displacement path u(x) of these dislocations is shown in the
   
 
Table 3.5 Summary of the calculated equilibrium geometrical parameters, peierls energy and peierls stress 
for [111]{011} dislocations. 
Geometrical parameters 
 Line direction Character r s d (Å) w1 (Å) w2 (Å) 
Peierls energy 
(eV/ Å) 
Peierls stress 
(GPa) 
]112[  Edge 0.25 0.35 6.74 3.09 4.55 0.0083 0.11 
[100] Mixed 0.26 0.26 6.4 2.39 3.85 0.0091 0.12 YAg 
[111] Screw 0.5 0.2 3.28 2.19 2.55 0.017 0.23 
]112[  Edge 0.34 0.24 6.38 2.56 2.56 0.0053 0.095 
[100] Mixed 0.34 0.24 6.06 1.89 2.24 0.0024 0.075 YCu 
[111] Screw 0.28 0.18 3.06 1.67 2.02 0.0074 0.11 
]112[  Edge 0.43 0.43 6.42 2.39 3.83 0.0029 0.06 
[100] Mixed 0.44 0.34 5.58 2.13 3.57 0.0072 0.14 NiAl 
[111] Screw 0.61 0.21 2.9 0.88 1.75 0.066 1.8 
]112[  Edge 0.44 0.34 7.26 1.27 3.77 0.0061 (0.165) 0.13 (0.07) 
[100] Mixed 0.44 0.27 6.48 1.18 3.69 0.0066 0.14 (0.23) 
NiAl 
(EAM) 
[111] Screw - - - - - 0.028 (0.524) 2.02 (2.0) 
53 
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contour plots Figure 3.8(b).  For the pure edge and screw character, the edge components 
ue (Å) and the corresponding dislocation density dxdue /  of three fractional dislocations 
are shown in Figure 3.10, and for the mixed character, the screw components z(x) (Å) 
(along [100] direction) and the corresponding dislocation density dxdz /  of three partials 
are shown in Figure 3.11.  Again, the dissociation into three partials (three peaks on the 
dislocation density curves) can be clearly seen and the pure edge dislocations present the 
largest splitting distances, followed by the mixed dislocations and the pure screw 
dislocations. In addition, the splitting distances of those dislocations determine the level 
of the magnitude of Peierls stress, which will be discussed later.    
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Figure 3.10 Displacement profile u(x) and density distribution du/dx of the edge components 
in the (a) edge character and (b) screw character of [111]{110} dislocations. 
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3.2.3.2 [100]{110} dislocations 
As can be seen from Table 3.6, unlike [111] dislocations, [100] dislocations on the same 
slip plane show different splitting modes in NiAl, YAg, and YCu.  The dislocation with 
the pure screw character in NiAl clearly dissociates into two partials to follow the energy-
favorable displacement path (s = 1.88 Å and d = 8.22 Å).  However, due to the lower 
stacking fault energy along [100] direction in YAg and YCu, although the [100] 
dislocations in these RM B2 intemetallics also show certain splitting behavior with 
splitting distance at 5.52 Å and 2.06 Å, respectively, it was noticed that the value of s for 
them is so small (-0.32 Å and –0.03 Å) and approximately near to zero.  Thus, the [100] 
screw dislocation in YAg and YCu is expected to dissociate with the reaction: 
                                   [100]                      ½[100] + ½[100] 
For the pure edge and mixed character, [100] dislocations in YAg and YCu show the 
dissociation mode similar to that seen for the pure screw character.  But the magnitude of 
splitting distance for three B2 alloys is clearly different.  The dislocation in NiAl shows 
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 Figure 3.11 Displacement profile Z(x) and density distribution dZ/dx in the mixed  
[111]{110} dislocations with [100] line direction. 
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the narrowest core splitting (0.99 Å for mixed and 1.92 Å for edge), followed by YCu 
(3.11 Å for mixed and 3.07 Å for edge), and YAg (3.15 Å for mixed and 3.51 Å for 
edge).   
 
The displacement paths u(x) of the [100] dislocations in these three alloys are shown on 
their γ -surface contour plots in Figure 3.12.  For NiAl, the result from the atomistic 
simulation with EAM potentials [35] is also shown for comparison.  It can be clearly seen 
that the displacement path in NiAl calculated here shows a good agreement with that 
from atomistic simulation.  Likewise, the edge components ue and the corresponding 
dislocation density dxdue /  of two fractional dislocations are shown in Figure 3.13. The 
dissociation into two partials is apparent.  The variation of splitting distances, as 
discussed before, is also presented in the dislocation density curves. 
 
 
 
 
 
 
 
 
 
   
Table 3.6 Summary of the calculated equilibrium geometrical parameters, peierls energy and peierls stress 
for [100]{011} dislocations. 
Geometrical parameters 
 Line direction Character s (Å) d (Å) w (Å) 
Peierls energy 
(eV/ Å) 
Peierls stress 
(GPa) 
[100] screw -0.32 5.52 6.25 0.41e-4 0.0016 
[111] mixed -0.13 3.15 2.79 0.0029 0.12 YAg 
[011] edge -0.14 3.51 3.15 0.0017 0.066 
[100] screw -0.03 2.06 1.71 0.0092 0.39 
[111] mixed -0.02 3.11 2.07 0.0037 0.16 YCu 
[011] edge -0.057 3.07 2.38 0.0025 0.1 
[100] screw 1.88 8.22 5.63 0.27e-4 0.0016 
[111] mixed 1.28 0.99 0.99 0.032 6.06 NiAl 
[011] edge 1.34 1.92 1.05 0.02 1.32 
[100] screw - - - 0.41e-4 (0.013) 0.0009 (0.07) 
[111] mixed - - - 0.016 1.01 (0.17) NiAl (EAM) [011] edge - - - 0.056 (0.008) 3.99 (0.06) 
57 
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Figure 3.12 Displace path of [100] screw dislocations in (a) YAg, (b) YCu, and 
(c) NiAl; (d) results from atomic calculation with EAM potential [35]. 
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Figure 3.13 Displacement profile u(x) and density distribution du/dx of the edge components in  
(a) screw character, (b) edge character, and (c) mixed character with [111] line direction of 
[100]{110} dislocations 
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3.2.4 Peierls Energy and Peierls Stress 
In this study, the analysis on the Peierls energy and the Peierls stress is also included.  To 
calculate the misfit energy by integrating γ -surface along the displacement path u(x), the 
misfit energy on the slip plane is averaged.  In fact, the misfit energy is only defined at 
the atomic positions.  Thus, the calculation of misfit energy should be performed by the 
discrete summation of the γ -surface value at each parallel atom rows positioned at 
nhx = , where h is the distance between two neighbor atom rows.  In addition, when the 
center of a dislocation in shifted within one lattice cell, the dislocation energy is also 
changed periodically and is the function of a fraction t )10( ≤≤ t of the lattice constants. 
The amplitude of the variation of dislocation energy is defined as Peierls energy.  The 
corresponding value of Peierls stress can be calculated as max
2 )/)(()/1( dttdEb ⋅ .  
Originally, it was assumed that the shifting of a dislocation center from its equilibrium 
position is rigid and only the variation of the misfit energy contributes to the Peierls 
energy; however, when the further relaxation is permitted, the geometrical parameters 
can also be adjusted to obtain the lower energy.  In this case, the variation of both elastic 
energy and misfit energy makes effects on the resulting Peierls energy.  In this study, 
during the minimization process, for a given t, all possible geometrical parameters were 
allowed to be relaxed to obtain the lowest total energy.  
 
The Peierls energy and the Peierls stress calculated from this simulation and from the 
atomistic calculation with Ludwig potential [27] for NiAl (values in the parentheses) are 
all included in Tables 3.5 and 3.6.  
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For [111]{110} dislocations, for the edge character, YAg has the highest Peierls stress at 
0.11GPa, followed by YCu at 0.095GPa and NiAl at 0.06GPa.  For the mixed character, 
the Peierls stress for NiAl increases to more than twice of one with the edge character, 
and for YAg the stress value also increases a little, from 0.11GPa to 0.12GPa.  But for 
YCu, the stress value decreases to 0.075GPa.  More importantly, for the screw character, 
the Peierls stress for NiAl (1.8GPa) is approximately one order of magnitude higher than 
that of the edge and mixed types, and for YAg (0.23 GPa) and YCu (0.11GPa), the 
corresponding Peierls stress is also the largest compared to the case of edge and mixed 
character.  The contracted core width (splitting distance) makes dislocations move harder 
and contributes to this increase on the Peierls stress.  In many bcc crystals, [111] screw 
dislocations restrict the plastic deformation of [111]{110} slip system [27], which is also 
observed in the deformation experiments of NiAl single crystals [36].  
 
For [100]{110}dislocations, due to the relation between splitting distance and Peierls 
stress, the Peierls stress of [100] screw dislocations in YCu (0.39GPa) shows two orders 
of magnitude larger than those in NiAl (0.0016GPa) and YAg (0.0016GPa).  However, it 
is shown that the Peierls stress of [100] edge and mixed dislocation in NiAl is at least one 
order of magnitude larger than that in YAg and YCu, and the stress value of YAg is 
slightly lower than that of YCu.  As seen in the {110} γ surface, the stacking fault energy 
along [100] slip direction in YAg (315mJ/m2) and YCu (325mJ/m2) is lower; however, 
the corresponding energy level for NiAl (1290mJ/m2) exceeds the anti-phase boundary 
(APB) energy, which suggests that [100] slip modes in RM B2 alloys are much easier to 
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be activated [8].  Russell et al. [37,38] also found that the <001> direction was the active 
slip direction from the tensile test on single crystal specimens of YAg and YCu.  
 
It can be seen that there is a significant difference on the values of Peierls energy and 
Peierls stress between the results calculated from the generalized P-N model and the ones 
from the atomistic calculation.  There are several factors that could influence the absolute 
value of the Peierls energy and the Peierls stress given in Tables 3.5 and 3.6 
[25,27,39,40].  First, fully atomic relaxation may change those values [27,40].  As 
discussed before, the relaxation of all the possible geometrical parameters during the 
process of shifting the dislocation center is allowed to consider the contribution of the 
variation of elastic energy to the Peierls energy.  However, the calculation in ref. [27] is 
based on a simple method with the assumption that the core structure doesn’t change 
during the shifting, i.e. “rigid shift”.  Since the Peierls energy is usually only a fraction of 
(in the order of 10-2-10-3) the elastic energy, the small fluctuation of the elastic energy 
may cause the significant change on the Peierls energy.  Second, given the lattice 
resistance to the dislocation motion, the displacement is only defined at the discrete 
atomic positions; however, the elastic energy still depends on the displacement between 
parallel rows of atoms.  Although the approach of interpolation is used, this still may 
result in the variation of the elastic energy because the interpolation affects both the 
screw and edge components simultaneously when the dislocation core spreads to 2D [39].  
Finally, as it was pointed out in ref. [41] that summing the atomic energy only at the 
positions of atoms is not physically realistic. Within the framework of ab initio 
electronic-structure calculations based on DFT, the misfit energy is not localized, but 
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involved in the electron distribution. Therefore, the misfit energy has to be averaged, 
which can lead to a considerable reduction in the Peierls energy and the resulting Peierls 
stress. 
 
3.3 Summary 
In the first section of this chapter, the stability of ordinary dislocations, the interaction 
energies of kink pairs and the cross-slip behavior of screw dislocations in ductile rare-
earth intermetallic compounds YCu, YAg, and YZn were evaluated by calculating energy 
factor K and the corresponding line tension factor KK ′′+ .  The results were also 
compared to the ones from the common intermetallics NiAl and Fe-25Al.   
 
Subsequently, in the second section, the generalized 2-D Peierls-Nabarro Model was 
employed to study [111]{110} and [001]{110} dislocation core properties in NiAl, YAg, 
and YCu, including dislocation dissociation, Peierls energy, and Peierls stress.  
 
The conclusions from these two studies are summarized as follows: 
• The convex shape of the inverse energy plots and positive line tension show that 
the elastic anisotropy does not cause any instability of ordinary dislocations in 
YCu, YAg, and YZn. 
• Kink pair interaction characteristics of YAg and YZn are similar to those seen for 
NiAl and Fe-25Al. 
• Cross-slip in YCu, YAg, and YZn is less favorable for certain slip systems, in 
comparison to NiAl and Fe-25Al, due to the absence of negative line tension in 
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these rare-earth intermetallic compounds.  On the other hand, cross-slip for [110] 
orientation is more favorable in YCu, YAg, and YZn due to the small differences 
in the line tension values of the cross-slip planes. 
• [111]{110} dislocations in NiAl, YAg, and YCu can dissociate into three partials 
to follow the lowest energy path determined by the )101(−γ surface.  Given a 
certain dislocation orientation, the splitting distances of partials in the three 
intermetallics are very close. 
• [100]{110} dislocations in YAg and YCu is expected to dissociate into two 
partials with the same Burgers vector ]100[
2
1 . 
• The Peierls stress of [100]{110} dislocations with the pure edge and mixed 
character in NiAl is at least one order of magnitude larger than that in YAg and 
YCu, which indicates that [100] slip modes in RM B2 alloys are much easier to be 
activated. 
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CHAPTER 4 
EVOLUTION AND INTERACTION OF DISLOCATIONS IN 
INTERMETALLIC COMPOUNDS: 
3D ANISOTROPIC DISLOCATION DYNAMICS SIMULATIONS 
 
This chapter presents the results obtained from the fully 3D anisotropic dislocation 
dynamics simulations, the algorithm of which can be found in Chapter 2, for five 
intermetallic alloys YAg, YCu, YZn, NiAl, and Fe-25Al and discusses the effect of 
anisotropy on typical dislocation mechanisms, including Frank-Read source evolution, 
dislocation dipole formation, and dislocation junction formation. 
 
4.1 Frank-Read source evolution 
It is known that Frank-Read mechanism of dislocation generation and multiplication is 
one of the main sources for the increase in plastic strain during the course of deformation. 
Figure 4.1 summarizes the evolution of dislocation loops from a Frank-Read (F-R) source 
in Fe-25Al, NiAl, and YCu (The results in YAg and YZn are omitted here for clarity.).  
The configuration of the F-R source is a pure screw dislocation ( ]111[
2
1=b ), located on 
)011( glide plane and b31000  in length with two pinned ends.  The segment length 
used in the simulation is b40 .  At the first step, the initial applied uniaxial stress is 75 
MPa with [100] direction, and after that, the increment of applied stress σΔ equals to 0.1 
MPa at each time step which is taken as 1.0e-13s.  The evolution of dislocation loops in 
Figure 4.1 at different applied stress levels clearly reflects the role of the elastic 
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anisotropy.  As can be seen, in the case of YCu, a second loop has already formed and 
expanded considerably at 1088 MPa stress level, however, the original F-R sources in 
both NiAl and Fe-25Al are at very early stages of this process (Figure 4.1c).  Moreover, 
this Figure also clearly indicates one of the possible reasons for the high ductility of B2 
rare-earth intermetallics, since the plastic strain is described with the area swept by 
dislocation loops. 
 
4.2 Dislocation dipole formation and breakup 
Two approaching dislocations with opposite Burgers vectors, gliding on nearby parallel 
planes, can reach an equilibrium configuration by forming a dipole.  This stable 
configuration arises because the interaction forces between them reduce to zero resulting 
from the opposing signs of theirs Burger vectors.  In the numerical simulations, if proper 
care is taken, the dipoles form naturally.  Of course, one of the critical criteria is the 
separation distance of the glide planes due to the long-range stress field of dislocations.  
M. Rhee et al. [1] developed a criterion for the infinite length dipole formation, i.e., there 
is a critical separation distance hc for dipole formation, which is a function of their 
relative velocity VR.  When the stress applied on the dipoles exceeds the attractive forces 
between the dislocations forming the dipole, the dipole will eventually break, and the two 
dislocations involved in this process will separate from each other.  
 
J. Huang et al. [2] focused on the study of dynamic formation and breakup for finite-size 
dipoles.  In their work, the two dislocation lines with mixed character form a dipole with 
a straight and tilted middle section.  The attractive forces on the middle straight section 
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and the self-forces on the two end sections close to the pinning points determine the 
length of this middle section.  Their results also show that it is much easier to unzip the 
dipole in the reverse direction than to destroy it in the forward direction (pushing the two 
dislocations past one another).  That is, the unzipping strength is smaller than that 
destructive force in the forward direction.  Because of the self-forces generated by the 
curvature at the two end sections, the unzipping strength is also smaller than the strength 
of infinite dipoles.  In addition, increasing the distance between two parallel planes 
makes the effect from the curvature at the two end sections weaker, and thus both 
unzipping and forward destructive stresses approach the values of an infinite dipole.  
 
Figure 4.2 shows the configurations (2-D projections on (110)  plane) of two pinned 
dislocation segments in five intermetallics, which are located on two parallel (110)  
planes with the separated distance b2100 .  The two dislocations with the opposite line 
direction and the same Burgers vector 1 [111]
2
b =  are initially straight, parallel and along 
[110] direction.  The length of each dislocation is b21000 .  The segment length and 
the time step used in this simulation are b40  and 5.0e-13s, respectively.  Without any 
applied external force, the two dislocation segments attract each other and form an 
equilibrium status of dipole.  Again, the dislocations in alloys with higher anisotropic 
ratio move slower because of the higher line tension.  Also, it can be seen that there are 
some kinks generated along the two dislocations in Fe-25Al due to the negative line 
tension as discussed in Chapter 3. 
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Figure 4.1 Evolution of an F-R source under an applied stress.
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Figure 4.3 Dipole breaking in YCu and NiAl. 
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In the simulation of the breakup process, the applied stress increment at each time step 
( tΔ =5.0e-13s) equals to 0.2 MPa along ]001[  direction.  Under the increasing applied 
stress, the two dislocations bow toward the opposite direction destroying the dipole 
configuration.  Figure 4.3 shows the configuration of the dislocations at this breakup 
moment in NiAl and YCu under the same external applied stress level ( 600MPaσ =  at 
1.5t ns= ).  It can be clearly seen that the dipoles more easily break in the intermetallic 
alloys with lower anisotropic ratio than the ones in intermetallics with higher anisotropic 
ratio.  This process can also lead to higher ductility in new rare-earth based B2 alloys. 
 
4.3 Dislocation junction formation and breakup 
When two attractive dislocations with nonparallel Burgers vectors in intersecting planes 
approach each other, the junction forms once the force between them reaches a critical 
value.  In most cases, the junction nodes are immobile because of the geometry of the slip 
planes.  Thus the formation of the junction resists the further motion of dislocations 
leading to the macroscopically observed work hardening during the course of the plastic 
deformation.  Many researchers have studied the process of dislocation junction 
formation, but no quantitative analysis was performed except for the recent work of 
Bulatov et al. [3].  Generally, whether a junction can form depends upon the energy value 
between two junction nodes.  That means two dislocation lines need to align themselves 
to minimize the energy and then form a junction.  Let the two reaction dislocation 
segments 1 and 2 and the resulting junction 3 be arranged as shown in Figure 4.4.  Along 
the direction of the junction, for a given virtual junction length, xΔ , the corresponding 
energy change was given as: [4] 
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1 2
3 1 2
1 2
[ cos sin cos sin ]E EE E E E xα α β βϕ ϕ
∂ ∂Δ = − + − + − Δ∂ ∂                                            (4.1) 
As shown in Figure 4.4, E1, E2 and E3 are elastic energies of the two dislocations and the 
junction; α and β are angles between the two dislocation lines and the intersection line, 
respectively; 1ϕ  and 2ϕ  represent the angles between each Burgers vector and the 
corresponding dislocation line.  If / 0F E x= Δ Δ ≥  (which can be interpreted as the 
energy decrease of the system per unit length of junction line formation), the reaction is 
stable and junction forms; otherwise, it’s unstable.  In the case of no external applied 
stress, the attractive forces on the middle straight section of a junction balance the self-
forces on the four curved arms. 
 
 
 
 
 
Eq. 4.1 is just a simple approximation, since the core energy of the reacting dislocations 
and the elastic interactions between different arms are not included.  However, this 
simple and computationally very efficient energy minimization procedure quickly yields 
information about the possible junction configurations for given anisotropic elastic 
properties, slip systems and dislocation configurations.  It can be used as the guidance to 
the computationally demanding discrete dislocation simulations.  It is estimated that there 
are over 1700 such possible dislocation configurations that form junctions in bcc 
crystalline systems [4].  In this calculation, in order to take into account the full 
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Figure 4.4 Schematic configuration of a junction reaction. 
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anisotropy, sextic formalism (Eq. 2.24) was utilized to obtain the elastic energies of 
dislocations and corresponding derivatives.  From this procedure, the resulting energy 
decrease contours for [111](110) & )101](111[  and [111](110) & )110](111[ slip systems 
for these five intermetallic alloys are summarized in Figures 4.5 and 4.6, respectively. In 
these figures, each contour map was normalized with the largest value of the energy 
decrease among the five intermetallic alloys.  The x and y axes signify the angles between 
two dislocation arms and the intersection line, which correspond to the angles α and β as 
shown in Figure 4.4, respectively.  As can be seen, the stable junction formation takes 
place at much wider angular range in Fe-25Al and NiAl in comparison to ones that are 
seen for the rare earth intermetallics.  Furthermore, the contour plots also indicate that the 
junction formation is more favorable in these two common intermetallic alloys than the 
ones in YCu, YAg, and YZn due to the larger energy decrease. 
 
In this section, a more detailed analysis for the evolution of dislocation junctions in these 
five intermetallic alloys was performed by using 3D anisotopic dislocation dynamics 
simulations.  During these simulations, the dislocations had the initial length around 700 
Å and were composed of linear segments 12.5 Å in length.  At the beginning of the 
simulations, two straight dislocations with the same length, intersecting each other at 
their midpoints, were placed together.  Both dislocations were also pinned at their end 
points during the course of the simulations.  The time step used for junction forming is 
2.0e-15 s and the resistivity (B matrix appearing in Eq. 2.25) equals to 1.0e-4 sPa ⋅ .  
During the junction formation process, the simulations were carried out under zero  
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applied stress and till dislocations were reached their equilibrium configurations.  The 
equilibrium configurations of the junctions formed for these two different junction 
reactions, together with the slip systems [111](110) &[111](211) , of which the energy 
decrease contour is omitted here due to the similarity to the other ones, are shown in 
Figures 4.7-4.9.   
 
Figure 4.7 shows the resulting junction configuration due to the [111](110) &[111](101)  
slip systems.  The initial angles between the dislocation arms and the intersection line 
[111] were 35.26α = o  and 54.74β = o , respectively, which were determined from the 
contour plots shown in Figure 4.5.  The kink (zigzag) formation along the dislocation 
arms for Fe-25Al, due to the negative line tension discussed in Chapter 3, can be clearly 
depicted in Figure 4.7.  On the other hand, for YCu, YZn, and YAg in the equilibrium 
configurations, the arms in the junctions are straight in agreement with the earlier line 
tension solutions (see Figure 3.2).  Also, the evolution of much longer junction lengths in 
Fe-25Al and NiAl in comparison to ones that formed in YCu, YZn, and YAg can be 
clearly seen in the figure.  The values of the junction lengths at the equilibrium are 
summarized in Table 4.1.   
 
For the slip systems [111](110) & )110](111[  the equilibrium configuration of the 
junctions are shown in Figure 4.8.  In these simulations, the initial angles between the 
dislocation arms and the intersection line [001] were both 54.73°, which were also in the 
range of angles to form junctions (Figure 4.6), but at the fringes of the contours.  
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Similarly, kinks (zigzags) also formed along the dislocation arms in Fe-25Al for this 
junction configuration as seen from the Figure.  The resulting junction lengths formed in 
Fe-25Al and NiAl are 125 Å and 75 Å and they are much shorter than ones formed for 
the slip systems [111](110) &[111](101) .  For the same initial configuration dislocations, 
there is no junction formation for YAg, YCu, and YZn as seen in Figure 4.8(b) and even 
the two dislocation arms were repulsive to each other.  Although the contour plots of the 
energy decrease predict the possible junction formation in these three B2 alloys, there is 
no real junction reaction taking place due to the very small energy decrease and the 
resulting elastic interaction of dislocation arms. 
 
For the slip systems [111](110) & )211](111[ , the equilibrium junction configurations in 
these five intermetallics are summarized in Figure 4.9.  The initial angles between the 
dislocation arms and the intersection line ]311[  for these simulations were 
25.23α = − o and 31.48β = o .  Likewise, kink (zigzag) formation along the dislocation 
arms in Fe-25Al is still noticeable.  When a comparison is made with the results from two 
previous simulations, the junctions formed in [111](110) & )211](111[  have the largest 
lengths.  For this case, under the effect of anisotropy, Fe-25Al is again for the longest 
junction, followed by NiAl, YZn, YAg, and YCu.  The detailed values of the resulting 
junction lengths are summarized in Table 4.1. 
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 Figure 4.7 Junction configurations at an equilibrium status ([111](110) &[111](101) ). 
(a) Fe-25Al and NiAl; (b) YAg, YCu, and YZn. 
-4e-8
-2e-8
0
2e-8
4e-8
6e-8
-1e-8
0
1e-8
2e-8
3e-8
4e-8
5e-8
6e-8
-2e-8 0 2e-8 4e-8 6e-8 8e-8
[0
01
]
[1
00
]
[010]
Fe-25Al
NiAl
 
(a) 
(b) 
78  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-1e-8
0
1e-8
2e-8
3e-8
4e-8
5e-8
6e-8
0
1e-8
2e-8
3e-8
4e-8
5e-8
0
1e-8
2e-8
3e-8
4e-8
[0
01
]
[1
00
]
[010]
Fe-25Al
NiAl
 
(a) 
-1e-8
0
1e-8
2e-8
3e-8
4e-8
5e-8
6e-8
0
1e-8
2e-8
3e-8
4e-8
5e-8
0
1e-8
2e-8
3e-8
4e-8
[0
01
]
[1
00
]
[010]
YAg
YCu
YZn
 
(b) 
Figure 4.8 Junction configurations at an equilibrium status ([111](110) & )110](111[ ). 
(a) Fe-25Al and NiAl; (b) YAg, YCu, and YZn. 
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Figure 4.9 Junction configurations at an equilibrium status ([111](110) & )211](111[ ). 
(a) Fe-25Al and NiAl; (b) YAg, YCu, and YZn. 
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In the following simulations, the breakup behavior of the junctions in Figures 4.7-4.9 was 
studied.  The applied stress tensor was formed in such a way that the resulting resolved 
shear stresses in both slip planes were equal in magnitude and in sign.  The critical 
breakup stress is defined when the junction length become zero during the course of the 
simulations.  The time step used in this breaking process is 2.0e-14s.  Starting from the 
equilibrium configuration, the evolution of the breakup process with increasing applied 
stress for the junctions formed in Fe-25Al and YCu with the slip systems 
[111](110) & )211](111[  is shown in Figure 4.10.  As can be seen, the four remaining 
dislocation arms outside the junction increasingly bow out under the applied stress as if 
they are small F-R resources, and self-forces at their two ends also increase. Once the 
curvature at two ends reaches a critical value, the “pinning” point will be unstable and 
then move inward to reduce the junction length with the so-called unzipping process.  As 
a result, the length of F-R resources increases, making the curvature near the “pinning” 
point even higher.  So the destructive process can proceed spontaneously till the two 
dislocations separate apart each other totally.  Of course, besides the level of the applied 
stress, the initial length of these four arms, the self-force originating from the line 
tension, and the forces originating from the interaction of the dislocation segments dictate 
the magnitude of the bow out.  Again, due to the negative line tension, kinks formed 
along the dislocation arms in Fe-25Al can be seen clearly during the breakup process; 
however, for the same junction in YCu, the four dislocation arms are always smooth as 
seen in Figure 4.10(b).  For the other junction configurations, the breakup process is 
similar to the unzipping mechanism seen in Fig 4.10. 
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The detailed critical resolved shear stress values to break the junctions in five 
intermetallic alloys are given in Table 4.1.  It can be clearly seen that much higher 
applied stress is needed to break the junctions formed in Fe-25Al and NiAl ordinary 
intermetallics, compared to the values of stress for other three RM alloys, which also 
indicates the higher ductility of YCu, YAg, and YZn. 
Table 4.1 Junction length (Å) and critical resolved shear stress (MPa). 
)101](111[&)011](111[
 
)110](111[&)011](111[
 
)211](111[&)011](111[
 
 
JL  CRSSτ  JL  CRSSτ  JL  CRSSτ  
Fe-25Al 300 1461.84 125 618.72 462.5 1383.87 
NiAl 237.5 1075.17 75 477.3 425 1318.90 
YAg 125 632.46 * * 262.5 831.62 
YCu 62.5 442.72 * * 200 786.14 
YZn 137.5 679.89 * * 325 922.58 
* No junction 
4.4 Summary 
In this Chapter, Frank-Read source evolution, dislocation dipole formation and breakup 
process, as well as dislocation junction formation and breakup procedure were studied by 
utilizing fully anisotropic 3D dislocation dynamics simulations.  The results indicate: 
• The dislocation emission from a given Frank-Read source takes place at much 
lower stress levels in rare-earth based intermetallics than the ones in NiAl and Fe-
25Al, in agreement with the experimentally observed lower yield strength values 
for these alloys. 
• For a given slip system, in general, there are smaller number of dislocation 
orientations that form junctions in rare-earth base intermetallics.  These junctions 
are shorter in length and require lower stress levels to break up than the ones in 
NiAl and Fe-25Al. 
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Figure 4.10 Junction breakup process in (a)Fe-25Al and (b)YCu with the slip systems [111](110) & )211](111[ . 
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CHAPTER 5 
SOLUTE AND DISLOCATION JUNCTION INTERACTIONS 
 
In Chapter 4, the forming and breakup processes of junctions in five intermetallic 
compounds have been studied with anisotropic 3D dislocation dynamics.  In this Chapter, 
first, the role of solute segregation on the strength and the evolution behavior of 
dislocation junctions is studied parametrically by utilizing kinetic Monte Carlo and 3D 
dislocation dynamics simulations in fcc crystal systems due to the high computational 
demand required for these simulations in case of elastic anisotropy.  Later, the effects of 
elastic anisotropy on the behavior of solute segregation are elucidated. 
 
Recently, other researchers also studied the formation and breakup strength of the 
junctions with molecular dynamics simulations [1], dislocation dynamics simulations 
[2,3] and simple line tension models [4,5].  These studies have indicated that, in fcc 
crystals, Lomer junctions have the highest strength, followed by glissile junctions and 
Hirth locks.  On the other hand, solid solution hardening is one of the effective 
strengthening mechanisms for almost all alloy systems, resulting from the interactions 
between dislocations and solutes.  Solutes act as point obstacles to moving dislocations at 
low temperatures or in the case of slow-diffusing solutes [6-11].  However, when solute 
diffusion is significant, the elastic interactions between solutes and dislocations lead to 
solute segregation around dislocations (Cottrell atmosphere [12]) and depletion 
elsewhere.  Such a solute atmosphere can produce a large drag force on a mobile 
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dislocation; such interactions have been studied ranging from asymptotic solute 
distributions [13-17] to dynamical cases with kinetic Monte Carlo [18] and phase-field 
models [19].  Recently, the interaction of solutes with dislocation junctions has been 
shown to be a possible mechanism for dynamics strain aging and softening, leading to the 
Portevin–LeChatelier effect [5,20].  Also, solute friction resulted in a shielding of elastic 
interactions leading to significant decreases on junction strengths and annihilation 
reactions [21].  
 
5.1 Computational procedures 
To consider the effects of solutes on dislocation junctions, the Peach-Koehler formula 
(Eq. 2.2) was modified as  
self
S
ij
A
ij
D
ij FtbF +×•++= ))(( σσσ                                                                             (5.1) 
Here, the stress Sijσ  from the solutes on the dislocations can be treated within the 
framework of elasticity by modeling the solutes as point sources of expansion for which 
[11] 
31
1 3
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nSS
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δ
π
μσσ
δ
π
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φφθθ ∑==
∑−=
                                                                    (5.2) 
where vδ is the defect volume (the magnitude of the unconstrained volume dilatation due 
to one solute atom in the lattice); μ is the shear modulus; r is the distance between the 
position of a point defect and a field point on the dislocation line; and n is the number of 
point defects (solutes) in the system. 
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Likewise, once the components of the Peach-Koehler force, including the contribution of 
the solutes, for each segment are determined, Eq. 2.25 was used to obtain the velocities of 
the nodal points on the dislocation lines.  Then the positions of the dislocations were 
updated and the dislocation reactions based on the constitutive rules were carried out. 
 
The evolution of solute configuration during the simulations was realized through a 
kinetic Monte Carlo algorithm.  For this purpose, the algorithm used in this study is in the 
form of the N-fold way or Bortz-Kalos-Lebowitz (BKL) method [22].  It is based on a 3D 
lattice.  Initially, all solute atoms are distributed randomly in this 3D lattice.  All solute 
migration events to nearest-neighbor positions are accounted for.  Computational 
efficiency is achieved by constructing and maintaining a neighbor list.  The rate of 
migration is given by an Arrhenius expression: 
T/k)δE(Eeν Belm0
+−=rate                                                         (5.3) 
where ν0 is a prefactor related to vibration frequency; Em is the energy of migration 
between lattices; and δEel is the solute-stress field interaction energy change between 
neighboring lattices.  At each Monte Carlo step, the probability of a given event being 
selected is determined by the ratio of its rate in the total rates sum, and the time increment 
dt is computed as  
tR
)ln(dt ξ−=                                                                      (5.4) 
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where ξ is a random number in the interval (0,1) and Rt is the total rates sum.  Mutual 
interactions among the solutes are ignored owing to the very low global concentration 
(percentage of occupied lattice sites). 
 
In this study, single Lomer junctions with slip systems )111](011[2/1&)111](110[2/1 , 
in fcc crystals were considered.  The dislocations were given an initial length of 150|b| 
(where |b| is the magnitude of the Burgers vector) and were composed of linear segments 
5|b| in length.  The values of various material parameters appearing in Eqs. 5.1-5.4 and 
used during the course of simulations are summarized in Tables 5.1 and 5.2.  For all 
cases, the equilibrium configurations of the junctions were achieved first under zero 
applied stress.  Later, to break the junctions, the applied stress tensor in Eq. 5.1 was 
formed in such a way that the resulting resolved shear stresses in both slip planes were 
equal in magnitude but opposite in sign.  The critical breakup stress was defined when the 
junction length became zero during the course of the simulations. 
 
Table 5.1 Materials parameters used in 3D dislocation dynamics. 
applied stress every DD step 0.02 MPa along [001] axis 
time every DD step 2.5e-15---1.0e-12 s 
resistivity  1.0e-4---1.0e-2 Pa·s 
cut-off distance used in Dσ calculation 2|b| 
 
Table 5.2 Materials parameters used in Kinetic Monte Carlo. 
defect volume* -11.0 Å3 
vibrational frequency 5.0e13 s-1 (5.0e12 s-1 used in Figure 5.1(a)) 
migration energy 0.4 ev 
temperature 600 K 
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Table 5.2 (continued) 
global solute concentration 0.015%---0.3% 
cut-off distance used in Sσ calculation 1|b| 
* The cases with figures designated the certain value of defect volume are excluded. Also, the 
defect volume used in Figure 5.7(a) is -5.6 Å3 and all the results of resolved shear stress are 
normalized by the shear modulus. 
 
5.2 Results and Discussions 
In the first set of the simulations, the role of orientation of dislocations on the evolution 
and the breakup of Lomer junctions, in the absence of solutes, was considered.  For 
)111](011[2/1&)111](110[2/1  slip systems, the possible initial angles (i.e., the angles 
between the dislocation lines and the intersection line of the two slip planes) of the 
dislocations that form a Lomer junction have been given in ref [3].  At the beginning of 
the simulations, two straight dislocations of equal length, intersecting each other at their 
midpoints and making equal angles with the intersection line of the two slip planes, were 
placed together.  Both dislocations were also pinned at their end points during the course 
of the simulations.  The equilibrium configurations of this junction system for the initial 
angles 30º, 45º, and 60º are shown in Figure 5.1 (top).  As can be seen, due to the 
interaction of their stress-fields, two straight dislocations react and form a junction along 
the intersection of the slip planes.  The resulting lengths of the junctions are almost 
inversely proportional to the initial angles and range from 85|b| to 20|b| with increasing 
initial angles.  Starting from the equilibrium configuration, the evolution of the breakup 
process with the increasing applied stress for the Lomer junction formed with 30o initial 
angles is shown in Figure 5.1 (bottom).  As can be seen, the four remaining dislocation 
arms outside the junction increasingly bow out under the applied stress, leading to a 
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reduction in the junction length with the so-called unzipping process.  Eventually, with 
the complete loss of junctions, the pinned dislocations expand further and become 
unstable once the resolved shear stress reaches a critical level.  Of course, besides the 
level of the applied stress, the initial length of these four arms, the self-force originating 
from the line tension, and the forces originating from the interaction of the dislocation 
segments dictate the magnitude of the bow-out.  The destruction mechanism seen in 
Figure 5.1 remained the same for all cases, unless shown otherwise.  The magnitude of 
the breakup stress (as defined earlier) for these three Lomer junctions is summarized in 
Figure 5.2.  In agreement with earlier studies [2,4], it is also observed that there is a linear 
increase in the breakup stress level with increasing junction lengths.   
 
In the next set of simulations, the role of solute segregation on the strength of the 
preformed Lomer junctions was studied.  A total of 500 solute atoms (0.015% global 
concentration) were randomly distributed into a (150|b|)3 simulation cell containing the 
preformed junction configurations in its center.  For these three junction configurations, 
the kinetics of segregation to a region within a 5|b| radius along the dislocation lines is 
shown in Figure 5.3(a).  In the Figure, the total number of solutes within this 5|b| region 
along the dislocations is normalized by the overall number of solutes in the simulation 
cell.  As can be seen, the rate of segregation is initially high, as a result of the very large 
number of empty sites near the dislocation lines.  The rate of segregation decreases with 
the time, due to the decrease in the number of available empty sites, and also due to the 
exhaustion of the highly mobile nearby solutes.  As a result, the initial segregation 
behavior for all three junctions is similar.  However, with the increasing time, more 
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segregation takes place for those junctions composed of dislocations having smaller 
initial angles.  In order to explain this segregation behavior, the variation of the character 
index ( )cos(α  where α is the angle between the Burgers vector and the line direction) of 
the dislocation segments in these junctions is shown in Figure 5.3(b).  The solute 
segregation (Cottrell atmosphere) takes place in the tensile stress field region of a 
dislocation having an edge component.  Therefore, in a junction configuration, more 
solutes would be segregated toward those segments approaching the edge character.  As 
can be seen from Figure 5.3(b), the junctions formed along the intersection line have the 
pure edge character. Thus, more solutes can be segregated toward the junctions formed 
from the dislocations with 30º and 45º initial angles due to the longer junctions in length. 
Moreover, the dislocation segments on four arms seem to also have more edge character 
for the dislocations with 30º and 45º initial angles.  The spatial distribution of the solutes 
for these three junction configurations after 0.156 µs of segregation time is also shown in 
Figure 5.1 (top).  During the breakup processes, it is assumed that all the solutes remain 
immobile in their final configurations.  The resulting breakup stress values of the 
junctions, with the displayed solute atmospheres, are again summarized in Figure 5.2.  As 
can be seen, the increase in breakup strengths is not the same for all junctions, even 
though the solute segregations are not significantly different [Figure 5.1 (top) and 5.3(a)].  
The solute segregation substantially diminishes the large effect of the junction 
configuration on the breakup, and the resulting strength values seen for all three junctions 
become comparable.  The evolution of the stress-strain curves during the breakup process  
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Figure 5.1  Top, equilibrium configurations of Lomer junctions starting with 30º, 45º and 60º initial angles of dislocations (red lines) and 
solute (green points) distribution after 0.156 µs segregation time.  Bottom, breakup process of a Lomer junction formed with 30º initial 
angles in the absence of solutes. 
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Figure 5.3 (a) Solute segregation kinetics to junctions formed with 30º, 45º and 60º initial angles; (b) variation of the character 
index of the dislocation segments in junctions formed with 30º, 45º and 60º initial angles. 
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with and without the solutes is shown in Figure 5.4 for only the junctions with 30º and 60º 
initial angles, for the sake of clarity of the figure.  The arrows on the stress-strain curves 
correspond to the junction configurations shown in Figure 5.1 (bottom) during the 
breakup process.  It is possible to divide the stress-strain curve into two regions.  The first 
region, in which the rate of increase in the stress values is high, is associated with the 
bowing of the junction arms to a critical configuration.  This is followed by a second 
region in which the junction unzips without requiring similar stress elevation.  Hardening 
of the junctions due to the solute segregation is clearly identifiable in the figure.  For 
these cases, the abrupt increases in the stress values reflect the breakup of the dislocation 
segments from the solutes (overcoming the solute drag).   
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 Figure 5.4 Resulting stress-plastic strain curves during the breakup process of junctions formed with 30º and 60º initial angles for cases with and without solutes. 
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Next, the parameters that are associated with the solutes and influence both the evolution 
and the strength of the junctions will be elucidated.  There are only two parameters.  The 
first is the defect volume vδ  appearing in Eq. 5.2, which sets the amplitude of the 
interaction stress with the dislocations as a function of the separation distance.  And the 
second is the concentration of the solutes, which is expressed here as the number of 
solutes that are within a 5|b| radius of the dislocation lines rather than the global 
concentration.  This choice is assumed to be reasonable when considering a very weak 
stress singularity )/1( 3r  associated with the solutes as shown in Eq. 5.2.  In order to 
parameterize these two variables, the preformed equilibrium configuration of a Lomer 
junction formed from the dislocations having 30º initial angles (Figure 5.1) was utilized.  
Again, during the breakup process the solutes remained immobile.  The resulting breakup 
stress values from these sets of simulations are summarized in Figure 5.5.  As can be seen 
from Figure 5.5(a), in order to observe a reasonable increase in the junction strength, for 
a given vδ , it appears that a critical local solute concentration is required.  As expected, 
the junction strength gradually increases as more solutes are segregated along the 
dislocation lines.  But the rate of this increase slows down to a limiting value, owing to 
the diminished effect of later segregated solutes, which have to be segregated relatively 
further away from the dislocation lines as a result of the exhaustion of available 
segregation sites.  On the other hand, within this effective local solute concentration 
range, the strength of the junction increases linearly with the defect volume vδ , as seen 
in Figure 5.5(b). 
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In this section, the effects of the solute segregation on the evolution of the junction 
configurations and the resulting junction strengths are elucidated for two types of solute 
mobility and for different vδ  values.  These simulations were performed for the junction 
with 30º initial angles, and it is assumed that the )111](110[2/1 dislocation is the forest 
dislocation.  Initially, the fixed number of solutes randomly distributed into the 
simulation cell was allowed to segregate to this forest arm up to a certain local 
concentration with the kMC simulations.  Then, the mobile arm of the junction, the 
)111](011[2/1  dislocation, was introduced to interact with the forest dislocation having 
segregated solutes.  For the first case it is assumed that, after the initial segregation, the 
mobility of the solutes relative to the mobility of the dislocations is considerably slow; so 
that the solutes remain effectively immobile during the junction formation and breakup 
processes.  The equilibrium junction configurations for different local solute 
concentrations for the same Lomer junction with 30º initial angle are shown in Figure 5.6.  
Figure 5.5 Variation of the breakup stress values for a junction formed with 30º initial 
angles with different local solute concentration and defect volume values.  (a) As a 
function of local solute concentration; (b) as a function of defect volume vδ . 
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As can be seen, at low local solute concentrations, the forest dislocation was able to free 
itself from the solute cloud and to form the junctions in lengths comparable to those seen 
without the solutes.  With the increasing local solute concentration, this breakaway from 
the solute cloud took place only around the central portion of the forest dislocation where 
two dislocations meet, and also where the interaction region between the two dislocations 
is strongest (Figure 5.6(c)).  For large local solute concentrations, the forest dislocation 
remained virtually straight even though the mobile dislocation changed its initial shape 
due to the forces originating from the forest dislocation; however, the resulting junction 
was essentially in a so-called cross-state.  For the junction configurations shown in Figure 
5.6, the resulting breakup stress values are correlated with the junction lengths as a 
function of the local solute concentrations in Figure 5.7(a).  Since the applied stress 
tensor yielded the equal magnitude of the resolved shear stress in the both planes, it is 
observed that there is an initial increase in the breakup stress even though the junction 
lengths are decreasing with the increasing local solute concentration.  This is mainly due 
to the considerable reduction in the arm lengths of the forest dislocation as seen earlier in 
Figure 5.6.  At high local solute concentration levels, where the junction configurations 
are at or near cross-state, there is a large drop in the breakup stress levels.  For these cases 
the forest arm of the dislocation remained almost inactive and did not participate in the 
breakup process due to the solute cloud.  However, for the junctions only evolving to the 
cross-state (or with very small junction lengths), their breakup strength also strongly 
depends upon the value of the defect volume vδ of the solutes, as shown in Figure 5.7(b).  
With the increasing defect volume vδ of the solutes segregated to the forest arm, the 
breakup stress value of these cross-state junctions starts to increase again.  In order to 
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elucidate the resulting limiting behavior, the vδ values were increased beyond normal 
values (up to 100 Å) in some of the simulations.  As can be seen, the strength of the 
junction eventually approaches a limiting value.  The reason for this behavior is the 
change in the junction failure mechanism.  For these cases, instead of the usual unzipping 
process seen in all other cases (Figure 5.1(bottom)), the mobile arm of the junction 
gradually evolved into two smaller dislocation arcs due to the increasing constraint in the 
center, resulting from the increasing vδ , as shown in Figure 5.8.  Of course, these two 
smaller dislocation arcs require much larger resolved shear stress values to operate.  The 
complete failure of the junction takes place when the bowing sections of this dislocation 
arm meet and annihilate each other.  Therefore, once this effective pinning of the center 
portion of the mobile dislocation is reached, this failure mechanism remains the same, 
leading to constant strengthening behavior with the further increase in the defect volume 
vδ .
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Figure 5.6 Evolution of a junction with 30º initial angles after different solute segregations to its )111](110[2/1 forest dislocation arm.  The red 
lines represent dislocation configurations and green points represent the spatial distribution of solutes after indicated segregation times. 
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In the next set of simulations, after the initial segregation to the forest dislocation arm, 
the solutes remained mobile during the junction formation and the following breakup 
processes.  The resulting equilibrium junction configuration for this case is shown in 
Figure 5.9(a).  The corresponding equilibrium junction configuration in the case of 
immobile solutes (same as Figure 5.6(d)) is also shown here for comparison.  Although 
the starting conditions were the same as in the immobile solutes case, the forest arm was 
able to participate in the junction reaction, and a junction 40|b| in length was able to form 
as a result of the rearrangement of solutes due to the perturbation created by the stress 
field of the incoming mobile dislocation.  The evolution of both the junction 
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Figure 5.8 Changes in the breakup configuration of a junction formed with 30º initial 
angles, starting from the cross-state, due to very large value of defect volume vδ . 
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configuration and the solute segregation patterns during the following breakup process is 
shown in Figure 5.9(b).  A continuous rearrangement of solutes near the junction lines is 
clearly evident from the figure.  The time evolution of this solute rearrangement, for both 
arms of the junction, is shown in Figure 5.10(a).  As can be seen, during the breakup 
process, the number of solutes segregated along the )111](110[2/1  dislocation 
decreases, but the trend reverses for the )111](011[2/1  dislocation.  To further elucidate 
this behavior, the initial and the final character index ( ( ))cos α  of the dislocation 
segments are shown in Figures 5.10(b) and 5.10(c).  As can be seen, most of the segments 
in the )111](110[2/1  dislocation deviated from near edge character towards screw 
character during the breakup process.  In contrast, for the )111](011[2/1 dislocation, 
while the segments along one side of the junction also acquired more screw character, the 
segments along the other side approached nearly pure edge character, resulting in 
preferential variations in the local solute concentrations seen in Figures 5.9(b) and 
5.10(a).  For the mobile case, the breakup stress is about twice the value it has for the 
case where the solutes remain immobile after the initial segregation to the forest arm 
(0.022μ versus 0.011 μ), even though all the parameters are identical for these two cases. 
 
The kMC algorithm used for solute movement and segregation in the simulations is based 
on only lattice (bulk) diffusion.  There is still considerable debate on the role of pipe 
diffusion on the segregation of solutes to dislocations.   
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Figure 5.9 Top, equilibrium configurations of a junction formed with 30º initial angles after 0.262 μs solute segregation time to its 
)111](110[2/1 forest dislocation arm for cases with immobile (left) and mobile (right) solutes.  Bottom, following breakup process of a 
corresponding junction with mobile solutes. 
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Figure 5.10 (a) Solute kinetics during the breakup process of a junction formed with 30º initial angles; (b) and (c) variation 
of the character index of the dislocation segments during the breakup process of a 30º junction. 
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Calorimetric studies of the kinetics of solute segregation [23] show that pipe diffusion 
dominates the very early stages of the segregation process, due to lower activation energy 
and free volume [20,24], followed by bulk diffusion; presumably, this is owing to the 
depletion of available vacancy sites [20].  The simulations presented in this study clearly 
show the profound effect of solutes both on the preexisting junctions and on the evolution 
of the junctions.  In the simulations, the interaction of solutes with the dislocations was 
characterized with two parameters, the defect volume vδ  and the solute concentration.  
vδ  is assumed to be an intrinsic property for a given solute and the host crystal.  On the 
other hand, the solute concentration, usually expressed as a global quantity, can be 
controlled more easily.  However, it appears that its local measure in the surrounding 
region of the dislocations is somewhat more relevant owing to the short-range stress 
fields of the solutes as shown in Eq. 5.2.  The local solute concentration definitely shows 
two opposing effects, depending upon the dynamics, in which both cases are plausible 
during the course of plastic deformation or in a service environment.  If the solute 
segregation takes place on the preformed junctions, it was clearly seen that there is an 
increase in the strength of the junctions to a limiting value with increasing local solute 
concentration (Figure 5.5(a)).  On the other hand, for the identical junction and solute 
parameters, if the solute segregation takes place on the forest arm of the dislocation first, 
before the junction formation, the significant reduction in the junction strength with the 
increasing local solute concentration was observed (Figure 5.7(a)).  If the nature of the 
solutes or the loading rates permit further mobility of solutes after initial segregation to 
the forest arm, the rearrangement of local solute concentration during the destruction can 
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easily alter the strengthening behavior again as seen in Figures 5.9 and 5.10.  The nature 
of solutes, defect volume vδ , is of course definitely a factor in determining the ranges of 
the local solute concentration pertaining to this discussion, as seen in Figures 5.5(a) and 
5.7(b).  It is conceivable that (at least theoretically) for an extremely large value of vδ , 
even a few solute atoms may lead to the different breakup process of the junctions as seen 
in Figure 5.8.  
 
All the simulations presented in this study were carried out with the applied stress tensor 
that created resolved shear stresses in the slip planes that were equal in magnitude but 
opposite in sign.  It is worth mentioning that for other applied stress configurations, it 
was observed that the effects of the solutes were either further amplified or mitigated as 
compared with the ones shown here.  Of course, this is partially associated with the well-
known asymmetry in the breakup behavior of the junctions [2,4] and partially associated 
with the dynamical effects seen here.   
 
Finally, the effects of solutes on the behavior of junctions have been previously studied 
within the framework of the much simpler and less computationally demanding line 
tension model [5,21].  The effects of the solutes were introduced as a simple binding 
energy per dislocation line into the model in ref. [5].  In contrast, the role of solutes was 
included as the friction stress, affecting the overall mobility of dislocations, into the same 
line tension model in ref. [21].  Although both approaches do not explicitly take account 
of the role of local solute concentration and the intrinsic properties of the solutes, 
surprisingly, their predictions are qualitatively in agreement with some of the cases seen 
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in this study.  Of course, these simple models do not yield the fine details of the 
interactions between the solutes and the dislocations as seen here.  However, if some of 
their parameters can be further calibrated or supplemented with the similar simulations 
undertaken in this study, they may lead to more efficient modeling efforts for the 
dislocation and solute interactions.  
 
5.3 Effect of anisotropy on the behavior of solute segregation 
As noted in Chapter 1, compared to normal pure metals, intermetallic compounds show 
attractive mechanical and physical properties; however, the very low plastic ductility at 
or near room temperature presented by most of intermetallics impedes their real 
application greatly.  Extensive investigations have shown that moisture induced 
environmental embrittlement is the main reason for this low ductility.  The kinetic steps 
of this embrittlement process include [25,26] surface absorption, interaction with active 
elements (Al in aluminide and Si in silicide) to generate atomic hydrogen and diffusion of 
dissolved hydrogen from the surface along grain boundaries to bulk, leading to brittle 
intergranular fracture.  Moreover, as discussed in the preceding section, due to the 
Cottrell atmosphere, the hydrogen atoms may also segregate around the dislocations if 
the diffusion is significant.  Thus, in order to study the effects of hydrogen atoms on the 
strength and evolution behavior of dislocation junctions formed in the five intermetallics 
aforementioned in the former Chapters, the factor of anisotropy was included in the 
simulation of this section to investigate the solute segregation behavior.  Due to the 
demanding computational complexity, the real dynamic junction evolution and breakup 
process were not included in the study of this section; however, according to the results 
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from this section and the preceding section, the role of solute segregation under the 
anisotropic elasticity can be depicted qualitatively. 
 
5.3.1 Pure anisotropy effect on the solute segregation  
The junction formed in YCu with the slip systems [111](110) & )211](111[ (the pink lines 
in the Figure 4.9) and the Lomer junction with the slip systems 
)111](011[2/1&)111](110[2/1 for the initial angle 30º (Figure 5.1) were chosen to 
study the elastic anisotropy effect on the solute segregation.  The material parameters 
used here were the same as the ones in Tables 5.1 and 5.2, except for the migration 
energy and temperature.  Here they were equal to 0.1 ev and 300 K, respectively.  In 
these simulations, the geometry of junctions was always the same; however, the elastic 
constants (i.e. c11, c12 and c44) were chosen such that the resulting anisotropic factors 
were equal to 1, 3 and 6.  For these two junction configurations, the kinetics of solute 
segregation to a region within a 5|b| radius along the dislocation lines is shown in Figure 
5.11.  As can be seen, similar to Figure 5.2(a), the rate of segregation is initially high due 
to a large number of empty sites near the dislocation lines and then decreases with time as 
the number of available empty sites and the highly mobile nearby solutes both decrease 
gradually with time.  This tendency seems to occur for all the anisotropy factors 
considered.  Also, it can be clearly seen that more solutes are segregated along the 
dislocation lines with the higher anisotropy factor, and the amplitude of this variance of 
the segregation behavior decreases with the increasing anisotropy ratio.  As seen in 
Figure 5.11(b), the solute segregation behavior in the case of A = 3 and A = 6 is very 
similar. 
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Figure 5.11 Solute segregation kinetics to junctions with the anisotropic factor A=1, 3 and 6.  
(a) Junction formed with the slip systems [111](110) & )211](111[ ;  
(b) junction formed with the slip systems )111](011[2/1&)111](110[2/1 . 
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5.3.2 Solute segregation on the junctions formed in YCu, NiAl, and Fe-25Al with the 
slip systems [111](110) & )211](111[  
As discussed in Chapter 4, higher anisotropy results in longer junction length and larger 
junction strength.  In this section, for the junction configurations in these three alloys, the 
solute segregation behavior is elucidated by taking the fully elastic anisotropy effect.  
However, the migration energy of the solutes in all these three alloys was assumed to be 
the same.  The plot of the local solute concentration vs. kMC time is shown in Figure 
5.12.  Again, the effect of elastic anisotropy on the solute segregation behavior can be 
seen clearly.  In addition, the variation of character index (same meaning as that in Figure 
5.2(b)) of the dislocation segments in these three junctions, and the resulting solute 
segregation patterns are summarized in Figure 5.13 (a)-(c).  Since the junctions formed in 
these three intermetallics with the slip systems [111](110) & )211](111[  are always along 
the direction of the intersection line ]311[ , the character index for the junction part is 
same for all three alloys and much closer to the pure edge character.  In addition, two 
arms on (211) slip plane are also more near edge character in YCu than the ones in NiAl 
and Fe-25Al.  And the other two arms belonging to )011(  slip plane are more screw 
characteristic in these three alloys.  Therefore, with the increase of the junction length 
and the decrease of the length of the four arms, more mobile solutes are segregated 
toward the junction part, although the character index of the four arms changes to the one 
approaching the screw character.   
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Due to the high computational demand for the case of anisotropic solutions (about factor 
10 in comparison to isotropic case), the simulations for the destruction of these junctions 
with segregated solute distributions were not performed.  However, as discussed in the 
preceding section and shown in Figures 5.5(a) and 5.7(a), the local solute concentration 
clearly shows two opposing effects on the junction strength.  If the solute segregation 
takes place on the preformed junctions, there is an increase in the strength of the 
junctions to a limiting value with the increasing local solute concentration (Figure 5.5(a)).  
On the other hand, for the identical junction and solute parameters, if the solute 
segregation takes place on the forest arm of the dislocation first, before the junction 
formation, the significant reductions in the junction strengths with the increasing local 
solute concentration can be observed due to the very short junction length (Figure 5.7(a)).  
Figure 5.12 Solute segregation kinetics to junctions formed in YCu, NiAl, and Fe-25Al with 
the slip systems [111](110) & )211](111[ .  
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Figure 5.13 Junction configurations with the slip systems [111](110) & )211](111[  and the variation of the character index of 
the dislocation segments in corresponding junctions. (a) YCu; (b) NiAl; (c) Fe-25Al. 
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Therefore, it is expected that these two opposing effects will be further amplified with the 
increasing elastic anisotropy owing to the faster rate of solute segregation (Figures 5.11, 
5.12, and 5.13).  In these simulations, although the migration energy of the solutes in 
these three intermetallics is assumed to be the same, the results clearly shows different 
intrinsic behaviors originating from the differences in their elastic properties. 
 
5.4 Summary 
In this Chapter, the role of solute segregation on the strength and the evolution behavior 
of dislocation junctions was studied by utilizing kinetic Monte Carlo and 3D dislocation 
dynamics simulations.  The different solute properties, concentration and the character of 
junctions were all included in the simulations in an effort to make a parametric 
investigation.  Moreover, the preliminary study on the effect of elastic anisotropy on the 
solute segregation behavior was also included.  The results indicate: 
• Solute segregation can lead to both strengthening and weakening behaviors 
depending upon the evolution of the dislocation junctions.   
• It is expected that the increase in the elastic anisotropy further amplifies these 
behaviors, owing to the increase in the segregation rates of solutes.   
• The local solute concentration seems to be the more relevant parameter to 
characterizing the solute and dislocation interactions, due to the short-range stress 
fields of solutes; and its bounds are set by the unconstrained volume dilatation.   
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CHAPTER 6 
CONCLUSIONS 
 
6.1 Conclusions 
In this study, a computationally efficient and accurate numerical approach for anisotropic 
3D dislocation dynamics was developed by numerically evaluating the derivatives of 
Green’s functions.  During the procedure of calculating the stress fields and elastic 
energies of dislocations, preprocessed look-up Tables were set up to reduce the 
demanding computational burden greatly with the error around 2%.  
 
In Chapter 3, within the framework of fully anisotropic elasticity, the stability of perfect 
dislocations in three RM B2 alloys and conventional intermetallics NiAl and Fe-25Al 
were investigated and the results correlated well with the experimental observations.  
Also, the core properties of perfect dislocations in YCu, YAg, and NiAl were analyzed 
by generalized 2D Peierls-Nabarro model.  Lower Peierls stress of [100]{110} 
dislocations with the pure edge and mixed character in YCu and YAg further 
substantiates the existence of the unusual <100> slip mode in these two ductile 
intermetallic compounds.   
 
In Chapter 4, fully anisotropic 3D dislocation dynamics simulations were performed to 
study the evolution and interaction of dislocations in five intermetallic alloys.  Owing to 
the large differences in their anisotropy ratios, both the operation of the Frank-Read 
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sources and the strength of identical junction configurations were significantly different 
in these alloys.  These results also made the conclusion that the ductility presented in RM 
B2 alloys originates from the much easier generation of dislocations and their inhibited 
mobility at a lesser degree, in comparison to the conventional intermetallics, NiAl and 
Fe-25Al. 
 
In Chapter 5, 3D dislocation dynamics simulations combined with kinetic Monte Carlo 
algorithm were employed to parametrically study the effects of solute segregation on the 
strength and the evolution behavior of dislocation junctions in fcc crystal system.  The 
results clearly indicated both strengthening and weakening behaviors resulting from the 
solute segregation.  Later, the solute segregation behavior was further elucidated by 
taking account the full elastic anisotropy.  These simulations clearly indicated an increase 
in the rate of segregation with the increasing anisotropy factor.  Therefore, it is expected 
that the existence of elastic anisotropy can further amplify these two opposing effects of 
the solute segregation. 
 
As a summary, the main achievements of this work are:  
• The importance of the elastic anisotropy on the behavior of dislocations is 
elucidated.  An efficient methodology is presented for its inclusion into the 
dislocation dynamics codes. 
• Results on the generation, motion, and interaction of dislocations in three RM B2 
alloys as well as the analysis on the behavior of the ordinary dislocations clearly 
elucidate their intrinsic differences from the conventional intermetallics. 
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• Solute segregation can play both strengthening and weakening roles on the 
deformation behavior.  These two opposing effects are expected to be further 
amplified with the increasing elastic anisotropy. 
 
6.2 Directions for future research 
6.2.1 Cross-slip of screw dislocations in intermetallics 
Püschl [1] presented a very detailed review of dislocation cross-slip models and 
calculations.  It was noted that there are three main categories for cross-slip models: line-
tension approximation, linear-elastic treatment with long-distance interaction, and 
atomistic simulation.  Simulations of cross-slip in dislocation dynamics were also 
performed by calculating the resolved shear stress and the corresponding probability of 
jumping for each possible glide plane [2-4].  In Chapter 3, the possibility of cross-slip of 
<111>, <100> and <110> screw dislocations in five intermetallics has been discussed 
based on the line tension calculation.  To further understand the effects of the cross-slip 
behavior of screw dislocations on macroscopic mechanical properties of these alloys, it is 
suggested to simulate the cross-slip behavior of dislocations in these alloys by utilizing 
fully anisotropic 3D dislocation dynamics. 
 
6.2.2 Boundary conditions 
When dislocations move within a confined volume, the stress on dislocations should be 
modified with the stress terms from internal or external surfaces (free surface, crack, 
grain boundary, second phase particle surfaces etc.).  The solution to this boundary value 
problem can be obtained efficiently by numerical methods including Finite Element 
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Method (FEM) [5] and Boundary Element Method (BEM) [6-8].  It is suggested to study 
the interactions between dislocations and surfaces by BEM because BEM provides 
certain computational advantages over the FEM due to the dynamic nature of the 
problems [9].  First, fewer equations need to be solved in BEM for very large number of 
time steps.  Second, the evaluation of the image stress can be achieved directly from the 
nodal values of BEM solution rather than using a search and extrapolation scheme 
needed by FEM.  In addition, BEM solution in anisotropic elasticity can also be 
expressed as the integral of Green’s function. Similar look-up tables can make it easier to 
incorporate BEM into the existing anisotropic dislocation dynamics codes. 
 
In another case, if it is considered that dislocation motions in a bulk single crystal are far 
from any interfaces, the materials volume can be regarded as a small part of an infinitely 
large single crystal and then the whole single crystal can be made up by replication of the 
small representative volume.  For mass simulation, periodic boundary conditions (PBC) 
[10,11] are employed for 3D dislocation dynamics to preserve translational invariance 
and dislocation line connectivity and balance incoming and outgoing dislocation fluxes. It 
is suggested to implement PBC into fully anisotropic dislocation dynamics simulations of 
bulk plasticity, to eliminate the boundary effects entirely. 
 
6.2.3 Computational efficiency 
Due to the demanding computational burden arising from the complicated long-ranged 
interactions among large number of dislocations, parallel algorithm [12,13] has been 
selected as an alternative approach to solve this problem by distributing the computation 
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loads into several processors and execute them simultaneously. The core codes in this 
study have been parallelized by using standard message passing interface (MPI).  It is 
suggested that more efforts are needed to further improve the computational efficiency 
and extend the range of the application of anisotropic dislocation dynamics on the study 
of large-scale plasticity. 
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